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Preface to the Third Edition 


This enlarged and completely revised third edition of “The Chemistry of Heterocycles” is 
dedicated to the memory of Siegfried Hauptmann, who died after long illness on 18 April 
2011. We gratefully acknowledge his achievements in the development of this book as 
well our fruitful collaboration with him during its first editions. 

In the new edition, the structure decided on for the earlier editions of the book has 
been maintained. Thus, after the introductory Chapters 1 and 2 on the chemical structure 
and nomenclature of heterocyclic compounds, Chapters 3—8 (organized according to 
ring-size and number of hetero atoms) describe for a representative cross section of 
heterocyclic systems 


* structural, physical, and spectroscopic features; 

* chemical properties and characteristic transformations; 

* aspects of synthesis, organized according to retroanalysis; 

selected derivatives, natural products, pharmaceuticals, and other biologically active 
compounds of related structure type; 

utility as vehicles in specific synthetic reactions. 


The information given in Chapters 1-8 is supported by references from primary 
literature, reviews, and textbooks of Organic Chemistry, and aims to include the literature 
cited in ChemInform up to the year 2011. 

Chapter 9 consists of a series of problems — presented in broad variety and selected 
almost exclusively from the most recent literature —- and is intended to deepen the 
knowledge and understanding of the reader and to extend the topics of heterocyclic 
chemistry treated in this book. The concluding chapters contain the General Subject 
Index (10.1) and an Index of Named Reactions (10.2). 

As in the earlier editions, this book is specifically addressed to (a) advanced students 
and research fellows as well as chemists in industry who are looking for a survey of well- 
tried fundamental concepts and for information on modern developments in heterocyclic 
chemistry and (b) lecturers in the field of Organic Chemistry, for whom the contents of 
this book may serve as building blocks for advanced courses on topics of heterocyclic 
chemistry. 

Special thanks are due to Prof. Dr. Uli Kazmaier for his maintaining and encouraging 
collegial interest and support. We are indebted to Dres. Matthias Groh and Judith Holz 
for their valuable and reliable technical assistance; in addition, we especially and cordially 


xX 


Preface to the Third Edition 


thank Marcus Malter for his involvement in the production of the new formula diagrams 
(using the program ChemDraw Ultra 12.0 throughout) introduced in this new edition. 

Finally, we are grateful to Bernadette Gmeiner and the staff of the editorial office of 
Wiley-VCH for their efficient collaboration. 


Saarbriicken Theophil Eicher and 
Spring 2012 Andreas Speicher 


Abbreviations and Symbols 


General and spectroscopic abbreviations and symbols 


bp boiling point de 

ca. circa ee 

cf. certify hv 

cf.p. see page % 

concd concentrated IR 

dil dilute(d) cm! 
etal. and other authors UV 

mp melting point Xr 

ref. reference € 

rfl. heated under reflux 1H NMR 
rt. room temperature BCNMR 
AO atom orbital 5 

INN international nonproprietary name ppm 
MO molecular orbital AH* 

ne degrees centigrade nm 

A thermal pm 


pKa refers to the acidity of a given acid (H-X) 


diastereoisomeric excess 
enantiomeric excess 
photochemical 

percentage 

infrared spectrum 

wave number 

ultraviolet spectrum 
wavelength 

molar extinction coefficient 
proton resonance spectrum 
1 resonance spectrum 
chemical shift (Sts = 0) 
parts per million (10°) 
activation enthalpy (kJ mol~!) 
nanometer (10~? m) 
picometer (10° m) 


pKa refers to the acidity of the conjugate acid (HB*) of a given base (B) 


Abbreviations for substituents .. . 


Ac acetyl 

Ar aryl 

Bn benzyl 

Boc tert-butoxycarbonyl 
nBu n-butyl 

secBu sec-butyl 

tBu tert-butyl 

Bz benzoyl 


Cy cyclohexyl 


Xl 


XIl | Abbreviations and Symbols 


ethyl 

electron-withdrawing group 
methyl 

mesyl (methanesulfonyl) 
mesityl 

phenyl 

isopropyl 

n-propyl 
trifluoromethanesulfonyl 
tosyl (p-toluenesulfonyl) 


... and commonly used compounds 


ADE 
AIBN 
BINAP 
BINOL 
BMIM 
COD 
DABCO 
DCE 
DCM 
DBU 
DDQ 
DEAD 
DET 
DIPEA 
DIPT 
DMAD 
DMAP 
DME 
DMF 
DMPU 
DMSO 
EDCI 
EDTA 
EMIM 
HMDS 
HMPT 
HOBt 
LDA 
LiTMP 


diethyl acetylene dicarboxylate 
azoisobutyronitrile 
2,2’-bis(diphenylphosphino)-1,1’-binaphthyl 
1,1’-bis-2-naphthol 
1-(n-butyl)-3-methylimidazolium 
cyclooctadiene 
1,4-diazabicyclo[2.2.2]octane 
1,2-dichloroethane 

dichloromethane 
1,8-diazabicyclo[5.4.0}Jundec-7-ene 
2,3-dichloro-5 ,6-dicyano-1,4-benzoquinone 
diethyl azodicarboxylate 

diethyl tartrate 

diisopropyl ethylamine (Htinig base) 
diisopropyl tartrate 

dimethyl acetylene dicarboxylate 
4-(dimethylamino) pyridine 
1,2-dimethoxyethane 

dimethylformamide 
N,N’-dimethylpropylene urea 

dimethyl sulfoxide 
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
ethylenediamine tetraacetic acid 
1-ethyl-3-methylimidazolium 
hexamethyldisilazane 
hexamethylphosphoric acid triamide 
1-hydroxybenzotriazole 
lithiumdiisopropylamide 
lithium-2,2,6,6-tetramethylpiperidide 


MCPBA 
NBS 
NCS 
NIS 
NMP 
PCC 
PPA 

Py 
TBAF 
TBDMS 
TFA 
THF 
TMEDA 
TMS 
TosMIC 


m-chloroperbenzoic acid 
N-bromosuccinimide 
N-chlorosuccinimide 
N-iodosuccinimide 
N-methylpyrrolidone 

pyridinium chlorochromate 
polyphosphoric acid 

pyridine 

tetra-n-butylammonium fluoride 
(tert-butyl)dimethylsilyl 
trifluoroacetic acid 

tetrahydrofuran 

N,N,N’, N’-tetramethylethylenediamine 
trimethylsilyl 
(p-toluenesulfonyl)methylisocyanide 


... and ligands for transition metal-catalyzed reactions 


acac 
dba 

dppf 
dppp 
S-Phos 
Xantphos 


acetylaceton (ate) 

dibenzylidene acetone 
diphenylphosphanylferrocene 
1,3-bis(diphenylphosphino) propane 
2,6-dimethoxy-(2’-dicyclohexylphosphanyl)biphenyl 
4,5-bis(diphenylphosphino)-9,9-dimethylxanthene 


... and retrosynthesis 


FGA 
FGI 
=> 


functional group addition 
functional group interconversion 


Abbreviations and Symbols 


retrosynthetic operation, in general: bond disconnection, FGA, FGI 
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1 
The Structure of Heterocyclic Compounds 


Most chemical compounds consist of molecules. The classification of such chemical 
compounds is based on the structure of these molecules, which is defined by the type 
and number of atoms as well as by the covalent bonding within them. There are two 
main types of structure: 


* The atoms form a chain — aliphatic (acyclic) compounds 
¢ The atoms form a ring — cyclic compounds. 


Cyclic compounds in which the ring is made up of atoms of one element only are called 
isocyclic compounds, for example, 1. If the ring consists of C-atoms only, then we speak 
of a carbocyclic compound, for example, 2. Cyclic compounds with at least two different 
atoms in the ring (as ring atoms or members of the ring) are known as heterocyclic 
compounds. The ring itself is called a heterocycle. If the ring contains no C-atom, then we 
speak of an inorganic heterocycle, for example, 3. If at least one ring atom is a C-atom, 
then the molecule is an organic heterocyclic compound, for example, 4. In this case, all the 
ring atoms which are not carbon are called heteroatoms. 


H 
H 
Nz N. ‘NC By N -H N N 
1 N NMe, 1 1 / 
Nsy’ gBy 3B. » | | 
H ~N°*H O S 
1 
H 
1 2 3 4 5 
(4-dimethylaminophenyl)- cyclopenta-1,3-diene borazine oxazole = 4H-1,4-thiazine 
pentazole isocyclic, inorganic heteroatoms: OandN S and N 
isocyclic carbocyclic heterocycle organic heterocycles 


Along with the type of ring atoms, their total number is important, since this determines 
the ring size. The smallest possible ring is three-membered. The most important rings 
are the five- and six-membered heterocycles. There is no upper limit; there exist seven-, 
eight-, nine-, and larger-membered heterocycles. 

In principle, all elements except the alkali metals can act as ring atoms. Although 
inorganic heterocycles have been synthesized, this book limits itself to organic ones. 
In these, the N-atom is the most common heteroatom. Next in importance are O- and 
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1 The Structure of Heterocyclic Compounds 


S-atoms. Heterocycles with Se-, Te-, P-, As-, Sb-, Bi-, Si-, Ge-, Sn-, Pb-, or B-atoms are 
less common. 

To determine the stability and reactivity of heterocyclic compounds, it is useful to 
compare them with their carbocyclic analogs. In principle, it is possible to derive every 
heterocycle from a carbocyclic compound by replacing appropriate CH2 or CH groups by 
heteroatoms. If one limits oneself to monocyclic systems, one can distinguish four types 
of heterocycles as follows: 


(1) Saturated heterocycles (heterocycloalkanes), e.g. 


O CJ moa C) 


X 
X = O: oxane X = O: 1,4-dioxane cyclohexane 
X = S: thiane X = S: 1,4-dithiane 


X =NH: piperidine =X = NH: piperazine 


In this category, there are no multiple bonds between the ring atoms. The compounds 
react largely like their aliphatic analogs, for example, oxane (tetrahydropyran) and dioxane 
behave like dialkyl ethers, thiane and 1,4-dithiane like dialkyl sulfides, and piperidine 
and piperazine like secondary aliphatic amines. 


(2) Partially unsaturated systems (heterocycloalkenes), e.g. 


a0 a—O 


X=0:6 X=0O X = OF cyclohexene 
X=S X=S X=S* 
X=NH X=NH X =NH 


If the multiple bonds are between two C-atoms of the ring, as, for instance, in 
3,4-dihydro-2H-pyran (6), the compounds react essentially like alkenes or alkynes, 
enolethers, enamines, and so on. The heteroatom can also be part of a double bond. In 
the case of X = OT, the compounds behave like oxenium salts, in the case of X = S* 
like sulfenium salts, and in the case of X = N like imines (azomethines). 


(3) Systems with the greatest possible number of noncumulated double bonds 
(heteroannulenes), e.g. 


From the annulenes, one can formally derive two types of heterocycles: 


* systems of the same ring size, if CH is replaced by X 
* systems of the next lower ring size, if HC=CH is replaced by X. 


1 The Structure of Heterocyclic Compounds 


S SX! NI 
/_\ | | /_\\ compare: CO 
- XZ x? © 


x x 
X = O: furan X = OF: pyrylium ion X=N: pyrimidine —_imidazol [6Jannulene 
X=S: thiophene X= S*: thiinium ion benzene 


X = NH: pyrrole X =N: pyridine 


“pytrole-like" N-atom “pyridine-like" N-atom 
p p 


Oy & No» sp? 
(| oo (  f compare: @ 
x =X =X 


X = O: oxepine X=0O X = N: 1,3-diazocine [8Jannulene 
X = S: thiepine X=S cyclooctatetraene 
X = NH: azepine X = N: azocine 


In both cases, the resulting heterocycles are iso-1-electronic with the corresponding 
annulenes, that is, the number of m-electrons in the ring is the same. This is because 
in the pyrylium and thiinium salts, as well as in pyridine, pyrimidine, azocine, and 
1,3-diazocine, each heteroatom donates one electron to the conjugated system and its 
nonbonding electron pair does not contribute. However, with furan, thiophene, pyrrole, 
oxepin, thiepin, and azepine, one electron pair of the heteroatom is incorporated into the 
conjugated system (delocalization of the electrons). Where nitrogen is the heteroatom, 
this difference can be expressed by the designation pyridine-like N-atom or pyrrole-like 
N-atom. In imidazole both types can be found. 


(4) Heteroaromatic systems 


This includes heteroannulenes, which comply with the Htcxet rule, that is, which 
possess (4n+ 2) m-electrons delocalized over the ring. The most important group of 
these compounds derives from [6]jannulene (benzene). They are known as heteroarenes, 
for example, furan, thiophene, pyrrole, pyridine, and the pyrylium and thiinium ions. As 
regards stability and reactivity, they can be compared to the corresponding benzenoid 
compounds [1a—d]. 

The antiaromatic systems, that is, systems possessing 4n delocalized electrons, for 
example, oxepine, azepine, thiepine, azocine, and 1,3-diazocine, as well as the corre- 
sponding annulenes, are, by contrast, much less stable and very reactive. 

The classification of heterocycles as heterocycloalkanes, heterocycloalkenes, het- 
eroannulenes, and heteroaromatics allows an estimation of their stability and reac- 
tivity. In some cases, this can also be applied to inorganic heterocycles. For in- 
stance, borazine (3), a colorless liquid, bp 55°C, is classified as a heteroaromatic 
system. 


4] 1 The Structure of Heterocyclic Compounds 


Reference 


1. (a) von Rague Schleyer, P. and Jiao, H. (1998) Tetrahedron, 54, 10179; (d) Krygowski, 
(1996) Pure Appl. Chem., 68, 209; T.M., Cyranski, M.K., Czarnocki, Z., 
(b) von Rague Schleyer, P. and Jiao, H. Hafelinger, G., and Katritzky, A-R. (2000) 
(2001) Chem. Rev., 101, 1115; (c) Bird, C.W. Tetrahedron, 56, 1783. 


2 
Systematic Nomenclature of Heterocyclic Compounds 


Many organic compounds, including heterocyclic compounds, have a trivial name. This 
usually originates from the compounds occurrence, its first preparation, or its special 
properties. 


Structure Trivial name Systematic name (IUPAC) 
O ethylene oxide oxirane 
OV pyromucic acid furan-2-carboxylic acid 
0” COOH 
Oo pyridine pyridine (instead of azine) 
all 
N 
Z COOH nicotinic acid pyridine-3-carboxylic acid 


N 
coumarin 2.H-chromen-2-one 
Cel 
oO” *O 


The derivation of the systematic name of a heterocyclic compound is based on its 
structure. Nomenclature rules have been drawn up by the IUPAC Commission and 
these should be applied when writing theses, dissertations, publications, and patents. 
These rules are listed in Section R-2 of the IUPAC ‘Blue Book” together with worked 
examples (H.R. Panico, W. H. Powell, J.-C. Richer, A Guide to IUPAC Nomenclature 
of Organic Compounds, Recommendations 1993; Blackwell Scientific: Oxford, 1993; the 
previous IUPAC Blue Book: J. Rigandy, S. P. Klesney Nomenclature of Organic Chemistry; 
Pergamon: Oxford, 1979). 

The IUPAC rules are not given in detail here, rather instructions are given for 
formulating systematic names with appropriate reference to the Blue Book. 

Every heterocyclic compound can be referred back to a parent ring system. These systems 
have only H-atoms attached to the ring atoms. The IUPAC rules allow two nomenclatures. 
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2 Systematic Nomenclature of Heterocyclic Compounds 


The Hantzsch-Widman nomenclature is recommended for 3- to 10-membered heterocycles. 
For larger ring heterocycles, replacement nomenclature should be used. 

It should be noted that in some cases, for example, for pyridine, the trivial name has 
become a ‘‘permitted trivial name” and should be used as the systematic name instead 
of the Hantzsch-Widman indication (see below). 


2.1 
Hantzsch-Widman Nomenclature 


(1) Type of heteroatom 


The type of heteroatom is indicated by a prefix according to Table 2.1. The sequence in 
this table also indicates the preferred order of prefixes (principle of decreasing priority). 


(2) Ring size 


The ring size is indicated by a suffix according to Table 2.2. Some of the syllables are 
derived from Latin numerals, namely ir from tri, et from tetra, ep from hepta, oc from 
octa, on from nona, and ec from deca. 


(3) Monocyclic systems 


The compound with the maximum number of noncumulative double bonds is regarded 
as the parent compound of the monocyclic systems of a given ring size. The naming 
is carried out by combining one or more prefixes from Table 2.1 with a suffix from 
Table 2.2. If two vowels succeed one another, the letter a is omitted from the prefix, for 
example, azirine (not azairine). 


H 1N n= 
H N 6 Ns 2 7 2 8 7 
iN ial i cy | y oll \, | ), 
/\ = 5 3 — _ 
3 2 4 3 4.3 4 5 4 6 5 
azirine azete pyrrole pyridine azepine azocine 


(azole) (azine) 


Table 2.1 Prefixes to indicate heteroatoms. 


Element Prefix Element Prefix 

oO oxa Bi bisma 

Ss thia Si sila 

Se selena Ge germa 
Te tellura Sn stanna 
N aza Pb plumba 
P phospha B bora 

As arsa Hg mercura 


Sb stiba 


2.1 Hantzsch-Widman Nomenclature 


Table 2.2. Stems to indicate the ring size of heterocycles. 


Ring size Unsaturated Saturated 
3 irene irane? 
ete etane? 
5 ole olane? 
6A‘ ine ane 
OBS ine inane 
6C° inine inane 
7. epine epane 
8 ocine ocane 
9 onine onane 
10 ecine ecane 


“The stem “‘irine” may be used for rings containing only N. 

'The traditional stems “iridine”, “etidine”, and “olidine” are preferred for N-containing rings 
and are used for saturated heteromonocycles having three, four, or five ring members, 
respectively. 

°The stem for six-membered rings depends on the least preferred heteroatom in the ring: that 
immediately preceding the stem. To determine the correct stem for a structure, the set below 
containing this least-preferred heteroatom is selected. 

6A: O, S, Se, Te, Bi, Hg, 6B: N, Si, Ge, N, Pb, and 6C: B, P, As, Sb. 


Note that trivial names are permitted for some systems, for example, pyrrole and 
pyridine. Permitted trivial names can be found in the latest IUPAC Blue Book pp. 
166-172; if a trivial name is permitted then it should be used. 

Partly or completely saturated rings are denoted by the suffixes according to Table 2.2. If 
no ending is specified the prefixes dihydro-, tetrahydro-, and so on should be used. 


H H 
H H 1 1 
TN 1N oc NN eo NN 
5 2 5 2 | | 
A 3 4 3 ? : 5 3 
4 4 
2,3-dihydropyrrole pyrrolidine 1,4-dihydropyridine piperidine (hexahydropyridine) 
* Monocyclic systems, one heteroatom 


The numbering of such systems starts at the heteroatom. 


* Monocyclic systems, two or more identical heteroatoms 

The prefixes di-, tri-, tetra-, and so on, are used for two or more heteroatoms of the 
same kind. When indicating the relative positions of the heteroatoms, the principle of the 
lowest possible numbering is used, that is, the numbering of the system has to be carried 
out in such a way that the heteroatoms are given the lowest possible set of locants: 


4 
H 
1 N 6 N 2 
5¢ (N2 = } 
4 n—, 5LVNs3 
4 
1,2,4-triazole pyrimidine 
(not 1,3,5-triazole) (1,3-diazine, not 


1,5-diazine) 
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In such a numerical sequence, the earlier numbers take precedence, for example, 1,2,5 
is lower than 1,3,4. 


* Monocyclic systems, two or more different heteroatoms 


For heteroatoms of different kinds, prefixes are used in the order in which they 
appear in Table 2.1, for example, thiazole, not azathiole; dithiazine, not azadithiine. The 
heteroatom highest in Table 2.1 is allocated the 1-position in the ring. The remaining 
heteroatoms are assigned the smallest possible set of number locants: 


: 
1s 1g Sy 7 

5 2 5K N2 6 N 
\ 7 [ | 

Q uF 5 5 


thiazole isothiazole 1,4,2-dithiazine 
(1,3-thiazole) (1,2-thiazole) 

Although in the first example the systematic name is 1,3-thiazole, the locants are 
generally omitted because, except for isothiazole (1,2-thiazole), no other structural 
isomers exist. Similar rules apply to oxazole (1,3-oxazole) and isoxazole (1,2-oxazole). 

* Identical systems connected by a single bond 


Such compounds are defined by the prefixes bi-, ter-, quater-, and so on, according to 
the number of systems, and the bonding is indicated as follows: 


2,2'-bipyridine 2,2':4',3'-terthiophene 


(4) Bicyclic systems with one benzene ring 


Systems in which at least two neighboring atoms are common to two or more rings are 
known as fused systems. For several bicyclic benzo-fused heterocycles, trivial names are 
permitted, for example: 


sf PS N 
[ N 


indole quinoline isoquinoline 


If this is not the case, and only the heterocycle has a trivial name, then the systematic 
name is formulated from the prefix benzo- and the trivial name of the heterocyclic 


component as follows: 
c 4 
3 d 
CD Oe 
fe) 2-08 


benzo[b]furan furan 
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The system is dissected into its components. The heterocyclic component is regarded 
as the base component. The bonds between the ring atoms are denoted according to the 
successive numbers of the ring atoms by the letters a, b, c, and so on. The letter b in 
brackets between benzo and the name of the base component denotes the atoms of the 
base component which are common to both rings. The letter must be as early as possible 
alphabetically, and hence benzo/d]furan is incorrect. 

It is generally accepted that the numbering of the whole system in the case of bi- and 
polycyclic systems should be done independently of the numbering of the components, 
and as follows: 

The ring system is projected onto rectangular coordinates in such a way that 


* as many rings as possible lie in a horizontal row 
* a maximum number of rings are in the upper right quadrant. 


The system thus oriented is then numbered in a clockwise direction commencing with 
that atom which is not engaged in the ring fusion and is furthest to the left 


¢ in the uppermost ring or 
+ in the ring furthest to the right in the upper row. 


C-Atoms which belong to more than one ring are omitted. Heteroatoms in such posi- 
tions are, however, included. If there are several possible orientations in the coordinate 
system, the one in which the heteroatoms bear the lowest locants is valid: 


If the base component does not have a trivial name, the entire system is numbered 
as explained above and the resulting positions of the heteroatoms are placed before the 
prefix benzo: 


1,2,4-benzodithiazine 3,1-benzoxazepine 


(5) _Bi- and polycyclic systems with two or more heterocycles 


First the base component is established. To this end the criteria in the order set out below 
are applied, one by one, to arrive at a decision. The base component is 


* anitrogen-containing component 

* a component with a heteroatom, other than nitrogen, which is as high as possible in 
Table 2.1 

* a component with as many rings as possible (e.g., bicyclic condensed systems or 
polycyclic systems which have trivial names) 
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* the component with the largest ring 

* the component with most heteroatoms 

* the component with the largest number of heteroatoms of different kinds 

* the component with the greatest number of heteroatoms which are highest in Table 2.1 
¢ the component with heteroatoms which have the lowest locant numbers. 


Two isomers are given as an example: 


e f 
oS N e if 
= 3 Z|} 3 8NN 
6 4 3 : d a 
2 2 
SH c i S43 437 


oo 
za 
¢ c 
Zz 
Lz 


pyrido[2,3-d]pyrimidine pyrido[3,2-d]pyrimidine 


First, the system is dissected into its components. The base component cannot be 
established until the fifth criterion has been reached: pyrimidine. The bonds between 
the ring atoms are marked by consecutive lettering according to the serial numbering 
of the base component. In contrast to the example on p. 8, the fused component must 
also be numbered, always observing the principle of assignment to the lowest possible 
locants. The name of the fused component, by the replacement of the terminal “e’”’ with 
“o,” is put before the name of the base component. The atoms common to both rings are 
described by numbers and letters in square brackets, where the sequence of the numbers 
must correspond to the direction of the lettering of the base component. Finally the 
whole system is numbered. 


(6) Indicated hydrogen 


In some cases, heterocyclic systems occur as one or more structural isomers which 
differ only in the position of an H-atom. These isomers are designated by indicating 
the number corresponding to the position of the hydrogen atom in front of the name, 
followed by an italic capital H. Such a prominent H-atom is called an indicated hydrogen 
and must be assigned the lowest possible locant. 


\ 4__3 4 3 
{3 & Ms sk 2 
H 1 1 
pyrrole 2H-pyrrole 3,4-dihydro-2H-pyrrole 


(not 5H-pyrrole) (not 4,5-dihydro-3H-pyrrole 
or A'-pyrroline) 


The name pyrrole implies the 1-position for the H-atom. 
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Heterocyclic compounds in which a C-atom of the ring is part of a carbonyl group are 
named with the aid of indicated hydrogen as follows: 


1 
P.O N ZO 
5 F3 SN 3 
4 
phosphinin-2-(1H)-one — pyrazin-2-(3H)-one 


2.2 
Replacement Nomenclature 


(1) Monocyclic systems 


The type of heteroatom is indicated by a prefix according to Table 2.1. As all prefixes end 
with the letter a, replacement nomenclature is also known as “a” nomenclature. Position 
and prefix for each heteroatom are written in front of the name of the corresponding 
hydrocarbon. This is derived from the heterocyclic system by replacing every heteroatom 


by CH), CH, or C: 


1 
2 
St ci O 
5 1 2 4 
Ci @) hes 


4 3 
silacyclopenta-2,4-diene — cyclopentadiene 1-thia-4-aza-2-silacyclohexane cyclohexane 
(H.-W.: silole) (H.-W.: 1,4,2-thiazasilane) 


Sequence and numbering of the heteroatoms follow the rules given in Section 2.1. 
The two compounds chosen as examples could also be named according to the 
Hantzsch-Widman system. 


(2) _Bi- and polycyclic systems 


Again, position and prefix are put in front of the name of the corresponding hydrocarbon, 
but the numbering of the hydrocarbon is retained: 


3 3 
N 7 7 
AZ 2 4 2 fe) 

5 | 5 F 4 J 
6 yY~* 1 OO 6 2 6 2 
7 10 ra 10 4 4 

5 5 
: No 8 5 3 3 


3,9-diazaphenanthrene — phenanthrene 7-oxabicyclo[2.2.1]heptane — bicyclo[2.2.1]heptane 
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The Hantzsch-Widman nomenclature can only be applied to the first example, and this 
then results in different numbering. 


pyrido[4,3-c]quinoline 


2.3 
Examples of Systematic Nomenclature 


Finally, the systematic nomenclature of heterocyclic compounds will be illustrated by a 
few complex examples: 


pyrazole 


( aN=> b 
NH A 23NH 
9 |, 4j°  1,3-diazocine 
O 6_5 { 
i) = 
oe) dibenzof[e, g]pyrazolo[1 ,5-a]-[1 ,3]-diazocin-10(9H)-one 


An analysis of the system reveals two benzene rings, one pyrazole ring and one 
1,3-diazocine ring, the latter ring being the base component according to the fourth 
criterion. The square brackets [1,3] indicate that the position of the two heteroatoms is 
not the basis for numbering the whole system. 


: N : ” 
2 3 4 Fle 4 
* baN Sa N 4a N aN 


pyridine imidazole quinoxaline pyrido[1',2':1,2]imidazo[4,5-b]quinoxaline 


According to the third criterion, quinoxaline is the base component. The heterocycle im- 
idazole, which is fused to the base component, is numbered in the usual way; the pyridine 
ring, however, is denoted by 1’, 2’, and so on, and it is not necessary to mark the double 
bonds. Pyrido[1’,2’ : 1,2Jimidazo denotes one ring fusion, imidazo[4,5-b]quinoxaline the 


2.3 Examples of Systematic Nomenclature 


other. For numbering polycyclic systems, five-membered rings must be drawn as shown 
above and not as regular pentagons. For the orientation in a system of coordinates, an 
additional rule has to be observed, namely that C-atoms common to two or more rings 
must be given the lowest possible locant. The numbering in (b) is therefore correct, while 
that in (a) is wrong, because 10a < 11a. 


Me 
Me, OEt 
10°2°O3 ©2-ethoxy-2,2-dimethyl-1 ,2,3°-dioxaphospholane 


: (the standard bonding number of P is 3) 


With ring atoms such as phosphorus, which can be tri- or pentavalent, a non-standard 
bonding number is indicated as an exponent of the Greek letter 4 after the locant. In the 
example, this is shown by A> (the 1993 Blue Book, p. 21). 


N cyclopentadiene 
[1 7a ea 2a 
‘ey ae 

| end CAD 
oe da ear indene 
L. 4. f a 

SH-2ah"-selena 2,3,4a,7a cyclopenta[c, dJindene 

tetraazacyclopenta[c,d]indene 


The name is constructed according to replacement nomenclature. The basic hydrocar- 
bon with the greatest number of noncumulative double bonds is cyclopenta[c,dJindene. 
Note the retention of the numbering. 


Cl O Cl 
ESC CE 2,3,7,8-tetrachlordibenzo[1 ,4]dioxin 
Cl oO Cl 
5 


In this case, [b,e] is omitted after dibenzo since there is no other possibility for ring 
fusion. This compound is also known as TCDD or Seveso dioxin. 


$ | we cyclopentadiene 
Ss Me % S 
da aad pentalene 


3-methyl-1 ,6,6aA4-trithia- ii eaciaian 
cyclopenta[c,d]pentalene cyclopentale/dipenialens 
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or) 
34NH 1,4-oxazine 
a 


Seen aie 
N COOEt a ae 
9" 10 
ifs De phenothiazine 
s ws 


iS) c 
ethyl[1 ,4Joxazino[2,3,4-k/]phenothiazine-6-carboxylate 
OMe 
(2S,3S)-3-acetoxy-5-(2-dimethylaminoethyl)- 


2-(4-methoxyphenyl)-2,3,4,5-tetrahydro-1 ,5- 
Me benzothiazepin-4-one 


| 
CHsCHsNMe, 


So far, in all the examples, the base compound has been the heterocyclic system. If 
this is not the case, the univalent radical of the heterocyclic system is regarded as a 
substituent, for example: 


4 
CH; 


[] | 
1 N’_\#-GHecH,-CooH 
—/ 3 2 1 
27 3 
3-(4-pyridyl)butyric acid 


The names of some univalent heterocyclic substituent groups are to be found in the 
list of trivial names in the 1993 Blue Book, p. 172. 

The most important source of information on heterocyclic and isocyclic systems is 
the Ring Systems Handbook of the Chemical Abstracts Service (CAS) published by the 
American Chemical Society. The 1988 edition is arranged as follows: 


Band 1: Ring Systems File I: RF 1—-RF 27595, 
Band 2: Ring Systems File II: RF 27596—-RF 52845, 
Band 3: Ring Systems File III: RF 52846-RF 72861, 
Band 4: Ring Formula Index, Ring Name Index. 


Since 1991, cumulative supplements have been published annually. 

The Ring Systems File is a catalog of structural formulas and data. It lists the systems 
consecutively with numbering RF 1 to RF 72861 on the basis of a ring analysis. The Ring 
Systems File starts with the following system: 

A 
HAs—PH 


The ring analysis shows: 


1 RING: 3 
AsPS 


2.4 Important Heterocyclic Systems 


1 RING represents a monocycle, 3 denotes the ring size. The ring atoms are listed 
underneath in alphabetical order followed by 


RF 1 88212-44-6 
[Ring File (RF) Number] (CAS Registry Number) 
Thiaphospharsirane, AsH)PS 


the systematic name and molecular formula, and furthermore WiswessER Notation, 
Chem. Abstr. reference (Chem. Abstr. volume number, abstract number), structural 
diagram. 

An example from the Ring Systems File 1, p. 758, is given below: 


ae RF 15037 113688-14-5 
3 RINGS: 3,5,5 oO Thieno[3’,2’:3,4]cyclopent[1,2-bjazirine 
Biles N' GJH3NS 
CoNtae Ss : T B355 CN GS] 


CA 108:112275y 


The Ring Formula Index is a list of molecular formulas of all ring systems with ring 
atoms quoted in alphabetical order, H-atoms being omitted, for example, CgN4: 2 RINGS, 
CN,-CoN, 1H-Tetrazolo[1,5-a]azepine [RF 9225]. 

With the aid of the Ring File Number RF 9225, the structural formula can be found in 
the Ring Systems File. 

The Ring Name Index is an alphabetical list of the systematic names of all ring systems, 
for example: Benzo/4,5]indeno[1,2-clpyrrole [RF 40064]. The Ring File Number allows 
access to the Ring Systems File. 

Organization and use of the Ring Systems File, Ring Formula Index, and Ring Name 
Index are, in each case, explained in detail at the beginning of the book. 


2.4 
Important Heterocyclic Systems 


Several possibilities existed for the arrangement of Chapters 3-8. For instance, the 
properties of the compounds could have been emphasized and the heteroarenes dealt with 
first, followed by the heterocycloalkenes and finally the heterocycloalkanes. However, in 
this book, the reactions, syntheses, and synthetic applications of heterocyclic compounds 
are considered of greatest importance. In many cases, they are characteristic only of a 
single ring system. For this reason, we have adopted an arrangement for the systems 
which is similar to that shown on the cover of issues of the Journal of Heterocyclic 
Chemistry. The guiding principle is ring size (see Table 2.2). Heterocycles of certain 
ring sizes are further subdivided according to the type of heteroatoms, following the 
sequence shown in Table 2.1, starting with one heteroatom, two heteroatoms, and so on. 
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2 Systematic Nomenclature of Heterocyclic Compounds 


The parent compound is covered first, provided it is known or of importance. It is 
followed by the benzo-fused systems and finally by the partially or fully hydrogenated 
systems. Moreover, as in GMELIN’s Handbuch der Anorganischen Chemie and BEILSTEIN’S 
Handbuch der Organischen Chemie, the principle of the latest possible classification is 
applied, that is, condensed systems of two or more heterocycles are discussed under the 
parent compound to be found last in the classification. Finally, in view of the fact that 
there are more than 70000 known heterocyclic systems, a selection had to be made. We 
have restricted ourselves to those systems 


¢ which, because of their electronic or spatial structure, provided good examples for a 
theoretical illustration of molecular structure 

* whose reactions afford examples of important reaction mechanisms and whose syn- 
theses illustrate general synthetic principles 

¢ which occur in natural products, drugs, or biologically active or industrially important 
substances 

¢ which are important as building blocks or auxiliaries for carrying out synthetic 
transformations. 


The description of each heterocyclic system is then arranged under the following 
headings: 


structure, physical properties, and spectroscopic properties 
chemical properties and reactions 
Synthesis 


important derivatives, natural products, drugs, biologically active compounds, and in- 
dustrial intermediates 
use as reagents, building-blocks, or auxiliaries in organic synthesis. 


3 
Three-Membered Heterocycles 


The properties of three-membered heterocycles are mostly a result of the great bond 
angle strain (BAEYER strain). The resultant ring strain imparts to the compounds high 
chemical reactivity. Ring opening leading to acyclic products is typical. As set out above, 
the heterocycles will be treated in decreasing priority, starting with those with one 
heteroatom. 

The parent system of the three-membered heterocycles with one oxygen atom is oxirene 
[1]; the corresponding saturated heterocycle is oxirane. 


3.1 
Oxirane 


Oxiranes are also known as epoxides. Microwave spectra as well as electron diffraction 
studies show that the oxirane ring is close to being an equilateral triangle (see Figure 3.1a). 

The strain enthalpy was found to be 114 kJ mol7!. The ionization potential is 10.5 eV; 
the electron which is removed derives from a nonbonding electron pair of the O-atom. 
The dipole moment is 1.88 D with the negative end of the dipole on the O-atom. The 
UV spectrum of gaseous oxirane has Amax = 171 nm (lg ¢ = 3.34). The chemical shifts 
in the NMR spectrum are 5y = 2.54, d¢ = 39.7. With a rise in the s-orbital component 
of the relevant C-H bonds, the !3C—H coupling constant increases. The value of 176 Hz 
for oxirane is much greater than for aliphatic CH groups. To explain this fact, one can 
imagine that the bonding MO of the C—O bonds are formed by interaction of the HOMO 
of an ethene molecule with an unoccupied AO of an O-atom, and also through interaction 
of the LUMO of the ethene molecule with an occupied AO of the O-atom (see Figure 3.1b). 
As a result, the C-H bonds have more s-character than normal sp? -hybridized C-atoms. 
Apart from ring strain, a significant property of oxiranes is their BRONsTED and Lewis 
basicity, for which the nonbonding electron pairs on the O-atom are responsible. When 
handling oxiranes, it should also be borne in mind that many of them are carcinogenic. 
The most important reactions of oxiranes are described below. 


The Chemistry of Heterocycles: Structure, Reactions, Synthesis, and Applications, 
Third Edition. Edited by Theophil Eicher, Siegfried Hauptmann, and Andreas Speicher. 
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA. 
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unoccupied occupied 


Ooo 
HOMO ry as LUMO 


Figure 3.1 Structure of oxirane (a) bond lengths in pm, bond angles in degrees and (b) model 
for the bonding MO. 


(1) Isomerization to carbonyl compounds 


In the presence of catalytic amounts of Lewts acids, for example, boron trifluoride, 
magnesium iodide, or nickel complexes, oxiranes isomerize to give carbonyl compounds. 
Oxirane itself gives acetaldehyde; mono-substituted oxiranes yield mixtures of aldehydes 
and ketones: 


LA 
HAH +LA H OOH ~H r 
WAY a WEN, . = 
H H HH LA Hye 

O O 
O LA 4“ 

grate —_—__ ee a + ~R-C-CHg 
R H 


The nickel(I) complex NiBr2 (PPh3)2 yields aldehydes regioselectively [2]. 
(2) Ring-opening reactions 


(a) N-Nucleophiles, for example, ammonia or amines, cause ring-cleavage of oxiranes to 
give amino alcohols, for example: 


AN 
H3NI So” —> ONHg—CHy-CHp-O> —>  NHp-CH2-CH2-OH 
ethanolamine 
an 2 
tx HN(CH=CH»-OH), pas N(CH» -CH-OH), 
diethanolamine triethanolamine 


This process occurs as a concerted reaction, is stereospecific, and thus corresponds to 
the Sy2 mechanism of nucleophilic substitution at an sp?-C-atom. For example, from 
cis-2,3-dimethy-l-oxirane, (+)-threo-3-aminobutan-2-ol is obtained by reaction with NH3: 


H H Me 


Mems /y HoN—~aMe ac 
H3NI_ A (e) ——= 5 | = . ta 
Me™ Me*™=~OH HO H 


H H Me 
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t)-erythro-diastereomer is formed. 


Analogously, from trans-2,3-dimethyloxirane the (4 
In unsymmetrically substituted oxiranes, ring-opening by attack of N-nucleophiles 
often proceeds via the less substituted oxirane C-atom, as illustrated by the key step of 


the synthesis of (S)-propranolol, a medicinally applied B-blocking agent [3]: 


OLA) aaa a 


(S)-propranolol 


In Lewis acid-promoted reactions of styrene oxide with various amines, the site of 
ring-opening is dependent on the nature of the attacking nucleophile and of the Lewis 
acid catalyst [4]. 

(b) Halogens react with oxiranes in the presence of triphenylphosphane or with lithium 
halides in the presence of acetic acid to give B-halo alcohols (halohydrins) [5], for example: 


® 
PhaP—l + 


PhsP + Ip 


) © H,O 
| + O —» I-CH)-CH,-O) = —*—» I-CHz-CH,-OH 


(c) The tin halide bis(chlorodibutyl)tin oxide effects regioselective conversion of 
mono-substituted oxiranes to CH2-substituted chlorohydrins [6], for example: 


O 
“N|I> (nBu,SnCl),O 
Ph a OR | Cl 
A 93% i e, 


(d) The N-aryl-N’-tosyl urea X, designed as a tailor-made organocatalyst in a computer-led 
study [7], promotes regioselective ring-opening of aryl oxiranes by various N-, O-, S-, and 
C-nucleophiles through directed attack at the aryl-substituted oxirane position: 


Nu 
O cat. X 
————SS oer 
Ar aii aad fe) 
f yy NuH = Ar’-NH> cat. X: HN Nel Os 
PhCH,OH 
PhSH 
indole (C-3) FC CF 


(e) Acid-catalyzed solvolysis of oxiranes occurs in aqueous or alcoholic medium. As a 
tule, nucleophilic opening of the oxirane ring in the presence of HX is preceded by a 
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protonation equilibrium, for example: 


H 
I 
is ¢ R-OH, = 2 + pe OH 
+ . NX Nu + . 
+ R Ze c | F e 
eee r 
R =H: 1,2-diol ~~oH 
R = alkyl: 2-alkoxy alcohol X = halogen: 2-halogeno alcohol 


With respect to aqueous medium, product formation depends on the nucleophilicity 
of the counterion present in HX. 

If X is weakly nucleophilic (e.g., KX = $O,?~ or ClO,4~), the protonated oxirane is 
attacked by H2O and 1,2-diols are formed. For symmetrically substituted systems like cis- 
and trans-2,3-dimethyl oxirane or cyclohexene oxide, the acid-catalyzed hydrolysis follows 
a bimolecular Sy2-like mechanism, as indicated by its stereospecific outcome: Products 
are rac-butane-2,3-diol, meso-butane-2,3-diol, and trans-cyclohexane-1,2-diol, respectively. 

If X is more strongly nucleophilic (e.g., X = halogenide), its attack competes with H2O 
(e.g., in aqueous hydrohalogenic acid) giving rise to formation of 2-halogeno alcohols 
(halohydrins) as products. 

For unsymmetrically substituted oxiranes, the situation is more complex, since attack 
of the nucleophile at the oxirane C-O bonds may proceed via Sy1-like or Sy2-like 
processes giving rise to regioselective product formation; in addition, steric effects (i.e., 
accessibility of the oxirane carbons) play a significant role [8]. 

(f) Oxiranes are reduced by sodium boron hydride to give alcohols [9]. This reaction can 
be regarded as a reductive ring-opening by the nucleophilic hydride ion: 


O © OH 
H, EtOH 
R-CH>-CH,-OH + R-CH-CH, 
(3) Deoxygenation to olefins 


A number of reagents transform oxiranes to olefins with deoxygenation [10]. For instance, 
a trans-oxirane yields a (Z)-olefin on treatment with triphenylphosphane at 200 °C: 


if ® aie . 
<Q PhgP ral R H 
PhgPI A ee — — + O=PPh, 
R?° ~H 
oe 


Since trans-oxiranes are stereoselectively formed from trans-olefins (cf. p. 23), the 
deoxygenation process allows the conversion of an (£)-olefin to a (Z)-olefin. 


3.1 Oxirane 


In general, oxiranes can be synthesized according to three (broadly defined) principles, 
namely (a) by cyclization of C)-moieties bearing an anionic oxygen and a leaving group 
in B-position, (b) by transfer of an oxygen to an olefin (“epoxidation”), and (c) by addition 
of a C,-fragment to a carbonyl substrate. 


(1) Cyclodehydrohalogenation of 6-halogeno alcohols 


B-Halo alcohols are deprotonated by bases (e.g., hydroxides or alcoholates) followed by 
intramolecular displacement of the halogen as rate-determining step according to the 
mechanism of a 1,3-elimination of HCI: 


In spite of the ring strain in the product and the considerable activation enthalpy, 
the reaction occurs rapidly at room temperature owing to favorable entropy. The ac- 
tivation entropy is affected only by the loss of the degree of freedom of the internal 
rotation in the 2-chloroalkoxide ion because of the monomolecular rate-determining 
step. 

Oxirane was first prepared by Wurtz (1859) by the action of sodium hydroxide on 
2-chloroethanol. 


(2) Darzens reaction (glycidic ester synthesis) 


The reaction of a-halo esters with carbonyl compounds in the presence of sodium 
alkoxides leads to (2-alkoxycarbonyl) oxiranes (DARZENS, 1904), known as glycidic esters. 
Primarily, the a-halo ester is deprotonated by the base to the corresponding ester enolate, 
which adds to the carbonyl compounds in the rate-determining step. Finally, the halogen 
atom is substituted intramolecularly, for example: 


ic) 


CI-CH,-COOEt + EtO° Zz CI-CH-COOEt + EtOH 
OT, IOI fe) 6 
x No 1 R! + Cl 
Wee + CI-CH-COOEt al == PH COOet cae 
Re oh R 


The reaction of diazoacetamides with aldehydes in the presence of chiral Ti(OiPr)4/ 
(R)-BINOL (1,1’-bis-2-naphthol) catalyst leads to trans-(2-amidocarbonyl)oxiranes with 
high stereoselectivities (>95% ee) and thus can be regarded as an asymmetric catalytic 
Darzens reaction [11]. 
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3 Three-Membered Heterocycles 
(3) Corey synthesis 


S-Ylides derived from trialkylsulfonium or trialkylsulfoxonium halides react as nucle- 
ophiles with aldehydes or ketones to give oxiranes [12]: 


H3C CHI HsC_@ b HsG @ © 
6 — > ‘S-cH, | 1° aT ae S—CH, S-ylide 
H3C HC e H3C 
sulfonium salt 
R! 
“hs 
RL O 1,3-eliminati ie 
So hes _ ,3-elimination Ool~ Cs 
R2° 2 ots R'—C—CH,“S @ 
TPN CH 
CH; R2 3 


This process follows the mechanistic pattern of a 1,3-elimination and formally corre- 
sponds to a (1 + 2)-cycloaddition of the ylidic (carbene-like) CH) group to the carbonyl 
group. It should be mentioned that a, B-unsaturated ketones like benzalacetophenone 
react with sulfonium ylides to give oxiranes, but with sulfoxonium ylides to give 
cyclopropanes [13]. 

Accordingly, the addition of simple carbenes or carbenoids to carbonyl compounds is 
realizable in the presence of rhodium salts (via intermediary formation of a Rh-carbenoid) 
[14], for example: 


N O carbene attack 
2 


0 
a Rh,(OAc), H,, «Ph 
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In an asymmetric version of the Corey oxirane synthesis, aryl aldehydes are reacted with 
benzyl bromide in the presence of the cyclic sulfide (cat*) derived from p-camphor as a 
chiral catalyst to give 1,2-diaryloxiranes with high stereoselectivities [15], for example: 


cat* 
O NaOH, [Bu,N]l O 
“N H,O/CH,CN 
Ph + Ph Br 7 3 , yaN 
= —HBr Ph Ph 


(98% de, 93% ee) 


(4) Epoxidation of alkenes 


For the addition of oxygen to a C=C double bond, reactive (electrophilic) oxygen has 
to be produced in situ by means of an activator from a stable oxygen donor. Activation 
of oxygen can be accomplished (1) by O—-O bond transformation like in the classical 
percarboxylic acid — carboxylic acid system (see (a)) or (2) by interaction of O2, peroxides, 
or HO) with transition metals (see (b)/(c)) [16]. 


3.1 Oxirane 


(a) In the PriLEscHajEw reaction, peroxy acids like peroxybenzoic acid, m-chloroperoxy- 
benzoic acid, or monoperoxyphthalic acid react with alkenes to give oxiranes. In weakly 
polar solvents, this epoxidation is likely to occur as a concerted process due to its 
stereospecific outcome [17]: 


Ru R3 4 3 12 
CH O RE oR R Q 
= CT | po | —~ Po + Se 
R?” H" Res “HO R? HO 
4 H 


The above mechanism is in accord with the findings that (1) peroxy acids possess strong 
intramolecular hydrogen bonds, and (2) (Z)-alkenes yield cis-oxiranes while (£)-alkenes 
yield trans-oxiranes. 

(b) For the epoxidation of non-activated alkenes (i.e., only H, alkyl, or phenyl substituents 
at C=C) methods of “Green Chemistry” (i.e., methods claimed to be environmentally 
benign) with H20, as oxygen donor are available, such as (1) epoxidation with H20, 
and Mni(II) sulfate as catalyst in NaHCO3-buffered aqueous medium [18] or (2) epoxida- 
tion with urea/H20-complex (an anhydrous form of hydrogen peroxide) and catalytic 
amounts of Novozym 435 in ethyl acetate (leading to generation of peracetic acid) [19], 


for example: 
O 
(1): 96% 
( 


2): 90% 


MnSO,, H,O5 
NaHCOz, H,O/DMF 


Novozym 435 
EtOAc 


(c) For the formation of stereoselective oxirane from non-functionalized alkenes, the 
JACOBSEN epoxidation [20] is of great importance. In this method, an oxidizing agent, 
preferentially NaOCl, is reacted with the alkene in the presence of a chiral catalyst such 
as the Mn(III)-salen-complex (X*) (JACOBSEN catalyst): 


chiral ' 7 


catalyst (X*) n we t NZ 

=< + Naoc) ——— "7 Nw | Mn 
— NaCl oOo’ |*o 

cl 

: Xe 


The highest stereoselectivities are reached with disubstituted (Z)-alkenes (with ee-values 
up to 99%) as well as trisubstituted alkenes, whereas mono-substituted olefins are poorer 
substrates. Concerning the mechanism of the JAcoBsEN epoxidation (see Ref. [21]), 
asymmetric epoxidation of non-activated olefins can be performed with numerous other 
transition-metal catalysts [22]. 


23 


24 


3 Three-Membered Heterocycles 


(d) For olefinic systems containing an allyl alcohol moiety, the SHARPLEss-KATSUKI 
epoxidation [23] is the method of choice. According to this protocol, a hydroperoxide 
(commonly tert-butyl or cumene hydroperoxide) is reacted with an allyl alcohol in the 
presence of catalytic amounts of Ti(OiPr)4, with a tartrate (usually DET or DIPT) as a 
chiral auxiliary: 


(S,S)-tartrate re R3 
R! tBuOOH fe OH P! 


Ti(OiPr), 


(R,R)-tartrate 


The SHarRpPLEss-KaTsuxi epoxidation occurs chemo- and stereoselectively, that is, (1) 
allylic alcohol moieties are epoxidized selectively in the presence of other olefinic double 
bonds and (2) both enantiomers (P!/P?) of the oxirane can be obtained with ee-values 
>90% by using either (R,R)- or (S,S)-dialkyl tartrate. Concerning the mechanism of the 
SHARPLESS-KATsSUKI epoxidation, see Ref. [24]. 


Oxirane (ethylene oxide), a colorless, water-soluble, very poisonous gas of bp 10.5 °C, is 
produced on an industrial scale by direct air oxidation of ethene in the presence of a 
silver catalyst. Oxirane is important as an intermediate in the petrochemical industry. 
The annual production worldwide is estimated to be more than 7 million tonnes. 

Methyloxirane (propylene oxide) is a colorless, water-miscible liquid, bp 35°C. It is 
obtained commercially from propene and tert-butyl hydroperoxide in the presence of 
molybdenum acetylacetonate [25]. 

(Chloromethyl)oxirane (epichlorohydrin) is prepared from allyl chloride as follows: 


HO 
2 O 
cl __+HOC! \n + OH 
aoe 5 Cl" ,0, - er L\ Uci 


Epichlorohydrin is the starting material for epoxy resins. When used in excess, 
for example, with bis-2,2-(4-hydroxyphenyl)propane, the so-called bisphenol A, in the 
presence of sodium hydroxide, it reacts to give linear polymers with oxirane end-groups. 


2 
LX. 2a 

# 

CH3 NaOH OH CH, OH 
Hot Vt Son —_ * ow oft S+¢ po 

CHg CHg 

Ar 

O fe) OH 


+2 QOH” 
—_—_—— > O—Ar-O 
~2H,0, -2 Cr LA o-ar-0_ AN oe 


n 


3.1 Oxirane 


Propagation proceeds in two steps which are continuously repeated: opening of the 
oxirane ring by phenol interaction and closing of the oxirane ring by dehydrogenation. 
When mixed with diacid anhydrides, diamines, or diols, an interaction with the oxirane 
end-groups of the macromolecules ensues, resulting in cross-linking (hardening). Epoxy 
resins find use as surface coatings, laminated materials, and adhesives. 

(Hydroxymethyl)oxirane (glycidol) is produced industrially by the oxidation of allyl 
alcohol with hydrogen peroxide in the presence of sodium hydrogen tungstate. It serves 
as a useful starting material in various syntheses [26]. 

Benzene oxide (7-oxabicyclo[4.1.0]hepta-2,4-diene) was obtained in an equilibrium 
mixture with the valence isomer oxepine (see p. 529): 


benzene oxide oxepine 


Benzene dioxide and benzene trioxide are also known [27]. Arene oxides are crucial 
intermediates in the carcinogenic action of benzo[a]pyrene and other polycondensed 
arenes [28]. Oxiranes are found relatively rarely in nature. An example of an oxirane in a 
natural product is, however, juvenile hormone (1) of the sphinx moth. 


O 
1 


Furthermore, attention must be drawn to the part played by squalene epoxide (2) as an 

initiator of steroid biosynthesis in eukaryotes. Antibiotics with oxirane rings, for example, 
oleandomycine, have also been isolated. 
Oxiranes are of considerable importance as intermediates for multistep stereospecific 
syntheses of complex target molecules, because closing and opening reactions of the 
oxirane ring often occur without side reactions. Moreover, they proceed stereospecifically. 
The first steps in the total syntheses of all 16 stereoisomeric hexoses may serve as an 
example. These syntheses start from (E)-but-2-ene-1,4-diol (3), which is obtained from 
acetylene and formaldehyde via butyne-1,4-diol [29]. 


Re) 
ROL x: 
HOLA Ay PrcHel ROL oH ~~ 0H 
3 4 (R = Ph,CH-) 5. 
\ PhSH, 
QL NaOH 
IS—Ph a 
5 OH OH 
OH- RO. wih. oO ROL A RO. 6g AG 
—> Nor — —> 5 SPh 
<i ales 


25 


26 


3 Three-Membered Heterocycles 


First, a hydroxy group is protected by reaction with benzhydryl chloride (4). This is 
followed by a SHarRpLEss epoxidation in the presence of (R,R)-(+)-DET to give 5. This 
reacts with thiophenol and sodium hydroxide to give 6, in which the C-atoms 4, 5, and 6 
of the t-hexoses are already in place. The SHARPLEss epoxidation leads into the p-series 
with (S,S)-(—)-DET. In the course of steps 5 > 6, two openings and one closure of 
oxirane rings are observed. The presence of the thioether group CH?SPh in 6 is essential 
for linking the remaining two C-atoms by a PUMMERER rearrangement and a WITTIG 
reaction. 

Another broad class of oxirane reactions are viewed as ‘‘heterocyclic interconversions,” 
as they transform the epoxide system into another heterocyclic entity. This is illustrated 
by the following examples, in which epoxides are transformed 


(a) to 1,3-dioxolanes by reaction with acetone in the presence of Bi(OTf)3 [30] and 
(b) to 1,3-oxazolidines by reaction with N-alkylimines in the presence of Sm], [31]: 
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These transformations might be envisaged as formal (3 + 2)-cycloadditions of the 
oxirane as C-C—O-synthon to C=O or C=N bonds, respectively. 


3.2 
Thiirane 


L\, 


Thiiranes are also known as episulfides. As a result of the greater atomic radius of the 
S-atom, the three atoms form an acute-angled triangle (see Figure 3.2). 

The thermochemically determined strain enthalpy of thiirane (83 kJ mol‘) is less than 
that of oxirane. The ionization potential amounts to 9.05 eV, the dipole moment to 1.66 
D. Both values are below those of oxirane. The chemical shifts in the NMR spectra are 
by = 2.27, d¢ = 18.1. 


Figure 3.2 Structure of thiirane (bond lengths in pm, bond 
angles in degrees). 
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The properties of the thiiranes are primarily due to ring strain. In spite of the smaller 
strain enthalpy, thiirane is thermally less stable than oxirane. Even at room temperature, 

linear macromolecules are formed because of polymerization of ring-opened products. 
Substituted thiiranes are thermally more stable. The following reactions are typical for 
thiiranes [32]. 


(1) Ring-opening by nucleophiles 


Ammonia, or primary or secondary amines, react with thiiranes to give B-amino thiols: 
S 
R-NH, + /\ —» R-NH-CH,-CH,-SH 


The mechanism is the same as that described on p. 18 for oxiranes. However, the yields 
are lower, due to competing polymerization. Concentrated hydrochloric acid reacts with 
thiiranes to give §-chlorothiols (protonation on the S-atom and nucleophilic ring-opening 
by the chloride ion). 


(2) Oxidation 


Thiiranes are oxidized by sodium periodate or peroxy acids to give thiirane oxides. These 
undergo fragmentation at higher temperature to give alkenes and sulfur monoxide: 


0 
Wl 
my A esta, + GeO 


(3) Desulfurization to alkenes 


Triphenylphosphane, as well as trialkyl phosphites, have proved to be reliable reagents 
for this purpose. The reaction is stereospecific. cis-Thiiranes yield (Z)-olefins and 
trans-thiiranes yield (E)-olefins. The electrophilic attack of the trivalent phosphorus 
on the heteroatom is different from that described on p. 20. 


H 
cs ieR 7 H.R 
Ph3P el ——> PhgP=S, + L 
WV a R H~ ~R 


Organometallics, for example, n-butyllithium, also bring about a stereospecific desul- 
furization of thiiranes. 
The synthesis of thiiranes starts either from §-substituted thiols or from oxiranes and 
can be achieved as follows. 
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(1) Cyclization of 6-substituted thioles 


By analogy with the oxirane synthesis described on p. 21, halo thiols react with 
bases to give thiiranes. B-Acetoxythiols also yield thiiranes under similar conditions. 
2-Sulfanylethanol reacts with phosgene in the presence of pyridine to give 1,3-oxathiolan- 
2-one, which on heating to 200°C decarboxylates to give CO and thiirane. 


SH 


S) 
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OH 


(2) Ring transformation of oxiranes 


Oxiranes react with thiocyanates to give thiiranes, preferentially with [NH4]SCN in 
acetonitrile in the presence of iodine as catalyst [33]: 
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The reaction is thought to proceed via activation of the oxirane by I, (situation 1), 
followed by nucleophilic ring-opening with thiocyanate (to give 2) and subsequent 
formation of an oxathiolane intermediate (3); 3 undergoes rearrangement to the thiolate 
4, which closes the thiirane ring by Syi displacement of cyanate ion. 

'D| Thiirane (ethylene sulfide) is a colorless liquid, sparingly soluble in water, and of bp 
55°C. 
A method for C—C coupling which is based on closing a thiirane ring and opening it by 
desulfurization is known as sulfide contraction according to EScHENMOSER, for example: 
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Pyrrolidine-2-thione is S-alkylated with bromodiethylmalonate. On treatment with a 
solution of KHCOs3, the resulting iminium salt 5 yields a thiirane 6 which desulfurizes 
at 60°C to give the enamino ester 7 [34]. 


3.3 
2H-Azirine 


Like oxirenes, 1H-azirines are thermally very labile and thus represent intermediates of 
short life-time [35]. 2H-Azirines, however, are even of preparative utility regardless of 

their high ring strain enthalpy (~170 kJ mol’), which is substantially higher than that 

of aziridines (~110 kJ mol '), their saturated analogs. 
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oxirene 1H-azirine 2H-azirine aziridine 


The parent compound 2H-azirine is thermally unstable and has to be stored at very 
low temperatures. Substituted 2H-azirines are more stable. They are liquids or low 
melting solids. Their basicity is substantially lower than that of comparable aliphatic 
compounds. For instance, 2-methyl-3-phenyl-2H-azirine is not soluble in hydrochloric 

acid. 

The ring strain endows the C=N double bond with an exceptionally high reactivity. 
Electrophilic reagents attack the N-atom, nucleophilic reagents the C-atom. For example, 
methanol added in the presence of a catalytic amount of sodium methoxide produces 
2-methoxyaziridines: 


H 
N N 
MeOH + : L\ ‘ —> ae aaa 


Carboxylic acids also add to the C=N double bond, and the products rearrange to more 
stable compounds with opening of the aziridine ring. A method for peptide synthesis is 
based on these reactions [36]: 
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Accordingly, the carboxyl group of the Z-protected amino acid 1 adds to the C=N bond 
of 3-(dimethylamino)-2 H-azirine 2; already at room temperature, the adduct 3 rearranges 
to the N,N-dimethylamide of a Z-protected dipeptide 4, which is obtained quantitatively 
and yields the dipeptide 5 after acid hydrolysis. 
3-Substituted 2H-azirines 8 are prepared by thermolysis or photolysis of vinyl azides 
6 [37]. Vinyl azides can be obtained from alkenes on several pathways, for example, 
a-phenyl vinyl azide from styrene [38]. The dediazoniation of the vinyl azides 6 proceeds 
via intermediary formation of a vinyl nitrene (7) and its cyclization to the 2H-azirine (8): 
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A modification of this methodology allows the preparation of 3-(dialkylamino)-2H- 
azirines 10 from N,N-disubstituted carboxamides 9 [39]: 
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2,3-Trisubstituted 2H-azirines are formed from the methoiodides 11 of ketone 
dimethylhydrazones on interaction with alcoholates: 
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(1) 2H-Azirines like 12 carrying an aldehyde function in 3-position are transformed 
to oxazoles 14 on treatment with BF3-etherate or to isoxazoles 16 on treatment with Es 
Rh) (OAc)4 [40]: 
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For these heterocyclic interconversions, ring-opening at the 2 H-azirine single bonds is 
obvious. In the Rh-mediated reaction, intermediate 15 might be stabilized as Rh-nitrene 
complex; the Lewis acid-mediated case (probably via intermediate 13) is mechanisti- 
cally uncertain. For the overall conversion of the azirine 12 to oxazole or isoxazole, 
1,5-electrocyclizations via 13 or 15 give a plausible description (cf. p. 192). 

(2) It should be remembered that the historically first pathway to 2H-azirines is 
the NEBER rearrangement, in which oxime sulfonates of type 17 are transformed to 
a-aminoketones 18 by interaction with base, for example: 
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a-Deprotonation of 17 and intramolecular elimination of tosylate in the anion 19 gives 
rise to intermediary formation a 2 H-azirine 20, which undergoes hydrolysis of the imine 
function to the aminoketone 18 [41]. 
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3.4 
Aziridine 


Pez 
np 


Aziridine was once known as ethylene imine. Bond lengths and bond angles are essentially 
the same as those in oxirane. The plane in which the N-atom, its nonbonding electron 
pair and the N-H bond are situated is perpendicular to the plane of the aziridine ring 
(see Figure 3.3). 


oes Figure 3.3 Structure of aziridine (bond lengths in pm, bond 
155 N angles in degrees). 
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2-Methylaziridine would be expected, therefore, to display diastereoisomerism. Triva- 
lent N-atoms are, however, liable to pyramidal inversion. 
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Although the activation enthalpy of this process AG* = 70 kJ mol’, that is, sub- 
stantially greater than that in the case of a secondary aliphatic amine, inversion occurs 
so rapidly at room temperature that the diastereoisomers are not separable. However, 
in the case of 1-chloro-2-methylaziridine, where AG* = 112 kJ mol”', the mixture of 
stereoisomers can be separated. 

The strain enthalpy of aziridine determined thermochemically amounts to 
113 kJ mol! and is, therefore, almost identical to that of oxirane. The ionization 
potential was found to be 9.8 eV and the excited electron derives from the nonbonding 
electron pair of the N-atom. The dipole moment of 1.89 D is almost the same as that of 
oxirane. The chemical shifts in the NMR spectra are 54 = 1.5 (C—H), 1.0 (N-H) and 
dc = 18.2. 

Care is advisable when handling aziridines, because many of them show considerable 
toxicity. The following reactions of aziridines are due to their nitrogen basicity and to 
their ability to undergo ring-opening reactions. 


(1) Acid-base reactions 


Aziridines unsubstituted on the N-atom behave like secondary amines; N-substituted 
aziridines behave like tertiary amines. They react with acids to give aziridinium salts: 


3.4 Aziridine 
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The pK, value of the aziridinium ion is 7.98. Aziridine is thus a weaker base than 
dimethylamine (pK, = 10.87), but stronger than aniline (pK, = 4.62). The aziridine ring 
is destabilized by salt formation, and ring-opening by nucleophiles is favored. Aziridine 
itself reacts with acids explosively to give polymeric products. 


(2) Reactions with electrophilic reagents 
Aziridines, like amines, are nucleophiles and react with electrophiles. Nucleophilic 


substitution on a saturated C-atom and Micuaet addition to an acceptor-substituted 
olefin serve as examples: 


NEt, 
[NH + ci-cH,cooet ——~» — [EN-CH,Cooet 
[DNH + HyC=CH-CN =——» _—[EN-CH,-CH,-CN 


(3) Ring-opening by nucleophiles 


Ammonia and primary amines react with aziridines to give 1,2-diamines. The mechanism 
and the stereochemistry of this reaction are similar to the corresponding reactions of the 
oxiranes [42]. 

The ring-opening of the aziridines is catalyzed effectively by acids (A2 mechanism, see 
p. 20). The acid-catalyzed hydrolysis to give amino alcohols serves as an example: 


[CNH + Hy0* 


This process can be envisaged as alkylation of a nucleophilic system (here: H20) 
by the protonated aziridine. Reactions of this type can be used to explain the cyto- 
static and antitumor activity of aziridines and (6-chloroethyl)-substituted amines. An 
example is bis(2-chloroethyl)amine (1), which in solution forms an equilibrium with 
1-(2-chloroethyl)aziridinium chloride (2): 
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Tris(2-chloroethyl)amine (3) was used under the name N-Lost as a chemical weapon 
in World War I. 
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Nucleophilic cell components, for example, the amino groups of the guanine bases in 
DNA, are alkylated by the aziridinium ion as a result of a nucleophilic ring-opening. In 
the case of bis(2-chloroethyl)amine, the reaction can be repeated on a guanine base of 
the other DNA strand of the double helix. This results in cross-linking of the two DNA 
strands and consequently blocks replication. 


(4) Deamination to alkenes 


Aziridines unsubstituted at the N-atom are stereospecifically deaminated by nitrosyl chlo- 
ride; via the corresponding N-nitroso compound, alkenes are formed stereoselectively: 
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The syntheses of aziridines fall into four major categories: 


(1) cyclization of N-C-—C systems with a leaving group in f-position to nitrogen, 
(2) (N + C=C)-cycloaddition (aziridination of alkenes), 

(3) (C+ C=N)-cycloaddition (aziridines from imines), 

(4) cyclization of B-(N-chloroethylamino)carbanions. 


(1) Cyclization of B-substituted amines 


B-Amino alcohols, which are conveniently prepared from oxiranes and ammonia or 
amines, react with thionyl chloride to give chloramines, which can be cyclized to 
aziridines by alkali hydroxide (GaBRIEL, 1888). 
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Sulfate esters, obtained from amino alcohols and sulfuric acid, when treated with alkali 
also form aziridines. In both cases, the amine is liberated from the ammonium salts 
by base. The leaving group Cl” or OSO3° is substituted intramolecularly by the amino 
group on the B-C-atom. 

The direct cyclodehydration of f-amino alcohols can be effected with the MrtsuNoBU 
reagent (triphenylphosphane/diethyl azodicarboxylate) [43]. 


3.4 Aziridine 
(2) Aziridination of alkenes 


Aziridination of C=C double bonds is readily accomplished by azides as nitrogen donors. 
The mechanism of nitrogen transfer is markedly influenced by the azide substituent 
(R’). 


(a) Phenyl azide (R’ = Ph) reacts with alkenes in a 1,3-dipolar cycloaddition to give 
4,5-dihydro-1,2,3-triazoles 4, which can be converted thermally or photochemically to 
aziridines 5 by elimination of nitrogen: 
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(b) However, azidoformate (R' = COOR) on thermolysis produces an alkoxycarbonyl 
nitrene (6, R' = COOR), which combines with alkenes in a (1 + 2)-cycloaddition to form 
the aziridine 5. As a matter of fact, the mechanistic pathway of olefin aziridination with 
azides is determined by azide substitution. 

(c) Alternatively, other nitrene donors have been applied for aziridine formation from 
olefins, namely (N-tosylimino)phenyliodinane (7) and bromoamine T (8) utilizing 
transition-metal catalysis, for example: 


COOCH 
Pd(CH,CN),Cl, 7 ° 
Z~COOCH, + Tos-N=I—Ph —————>+  \y 
7 Tos 
CH, 
CH H CuCl, 
Tos-N. —= 
Ph a — HBr N 
Br I 
8 Tos 


For these methodologies, asymmetric variants have also been reported [44]. 


(3) Aziridines from imines 


Imines can be transformed to aziridines by addition of suitable C)-building-blocks, as 
shown 
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(a) by the imino-Corey reaction (cf. p. 22) of phenyl N-tosyl imine (9) with benzylbromide 
in the presence of a sulfide mediator (instead of dimethylsulfide or -sulfoxide) and a base, 
(b) by the reactions of phenyl-N-SES imine (10) with phenyldiazomethane in the presence 
of Rh2(OAc), (thought to proceed via an in situ generated Rh-carbenoid): 


Ph Ph 
K,CO 
phSn7OS + Ph Br —. W 
9 + sulfide mediator tos 
Ph Ph SES = 
PhS n-SES + Ph~Sn, Rh,(OAc), 7 *~g~_- SiMes 
10 SES Oz 


Both reactions can be conducted stereoselectively in the presence of appropriate chiral 
auxiliaries [45]. 


(4) Cyclization of 8-(N-chloroethylamino)carbanions 
N-Chloroethylamines 12 bearing an acceptor-functionality (ester, benzoyl, cyano, phenyl- 


sulfonyl) in B-position to nitrogen are readily cyclized in a 1,3-elimination of HCl by 
strong base (e.g., tBuOK) to give N-alkyl-2-acceptor-substituted aziridines 13 [46]: 


Cl 
Ov NO 
R! 
‘ aie alee ej i 
1 oN oO : KOtBu 
R'-NH, + ZSp2 ——> pirN Ape =e iN Sp? ag L\ 2 
11 ates 12 13 


R?: acceptor substituent 


The N-chloramines 12 are conveniently obtained by addition of aliphatic primary 
amines to acceptor-substituted olefins and N-chlorination of the resulting secondary 
amines 11 with trichloroisocyanuric acid. 

Aziridine, a colorless, water-soluble, poisonous liquid (bp 57°C) of ammoniacal odor is 
relatively stable, thermally, but is best stored in a refrigerator over sodium hydroxide. 

Some natural products contain an aziridine ring, for example, mitomycins (14: 
mitomycin C). This is responsible for the cytostatic and antitumor activity of these 
antibiotics. Many synthetic aziridines have been screened for their antitumor activity. 
Some are used in medical treatment, especially as antileukemic agents, for example, 15 
and 16. 


° YT 


3.5 Dioxirane 


Aziridines with Cz symmetry have been used successfully as chiral auxiliaries for 
alkylations and aldol reactions [47]. 

Aziridines (e.g., 17) have the potential to undergo heterolytic ring-opening at the 
C-2/C-3 bond (facilitated by C-2/C-3 acceptor substituents) leading to 1,3 dipoles (e.g., 
18) which can be trapped by 1,3-dipolar cycloaddition to electron-deficient olefins (e.g., 
maleic anhydride) to give pyrrolidine derivatives (e.g., 19) [48]: 


17 18 18 


The ring expansion 17 > 19 represents another example of heterocyclic inter- 
conversion. 


3.5 
Dioxirane 


Lo 2 


Dioxiranes have been available only since the mid-1980s [49]. They are synthesized by 
oxidation of ketones with potassium hydrogenperoxysulfate, for example: 


O 5) O 
—/ ee Po *): Oxone™: 2 KHSO; / KHSO, / KsSO, 


Dimethyldioxirane, together with acetone, is removed from the reaction vessel by 
distillation. The yellow 0.1—0.2 M solution can be used as an oxidizing agent, for example, 
for the epoxidation of olefins [50], for the oxidation of enolates to a-hydroxycarbonyl 
compounds, and for the oxidation of primary amines to nitro compounds [51]: 


O 
\ O 
R-NH, + 3 ho ——> R-NO, +3 Jl + H,0 


Boron trifluoride catalyzes the isomerization of dimethyldioxiranes to methyl acetate 
[52]. 

Difluorooxirane is formed as a pale-yellow, normally stable gas when an equimolar 
mixture of FCO2F and CIF is passed over a CsF catalyst [53]. 


le 


38 


A.B 


3 Three-Membered Heterocycles 


3.6 
Oxaziridine 


Oxaziridines are structural isomers of oximes and nitrones. Trialkyl oxaziridines are 
colorless liquids, sparingly soluble in water. The following reactions are typical for 
oxaziridine. 

(1) Isomerization to nitrones 

As a reversal to the photoisomerization of nitrones (see p. 39), oxaziridines can be 
converted into nitrones by thermolysis. The required temperature depends on the type 
of oxaziridine substituents. 


(2) Ring-opening by nucleophiles 


On acid-catalyzed hydrolysis, 2-alkyl-3-phenyloxaziridines yield benzaldehyde and 
N-alkylhydroxyl-amines, for example: 


0 . O 
H,O (H*) 
Ph ee PhX + HO-NH-CMe 
H N cme, H : 


(3) Reduction to imines 


Oxaziridines, particularly 2-(phenylsulfonyl)oxaziridines, are used as reagents in a num- 
ber of oxidation procedures. The oxidation of sulfides to sulfoxides may serve as an 
example: 


i x ig 
S + Ph \y ——> S=O + Ph-CH=N-SO,Ph 
I, H SO.Ph I, 
R R 


The synthesis of oxaziridines can be accomplished from imines, nitrones, or carbonyl 
compounds: 


(1) Oxidation of imines with peroxy compounds 


3.6 Oxaziridine 


For the transformation of imines to oxaziridines, in general peroxy acids (e.g., 
Ph-—CO3H) can be used. For the selective oxygenation of aryl aldimines tert-BuOOH 
and alumina-supported MoO; (as a recyclable heterogeneous catalyst) are recommended 
[54]. 

With peracids, as in the epoxidation of alkenes, (see p. 23), a stereospecific cis-addition 
is involved. In the case of 2-substituted oxaziridines (AG* = 100-130 kJ mol '), the 
activation enthalpy of the pyramidal inversion of the N-atom is so high that the 
configuration of the N-atom is fixed at room temperature. Thus, the configuration of 
the starting material is preserved and the racemate of one of the diastereoisomeric 
oxaziridines is formed. In the case of chiral imines or chiral peroxy acids, the reaction 
proceeds enantioselectively. 


(2) Photoisomerization of nitrones 


Nitrones are isomerized to oxaziridines photochemically. This reaction is reversed 
thermally: 


R! ¢ hv RI \ 
S=NO _—— Nw 3 
R2 = ‘p33 A R2 R 


(3) Amination of carbonyl compounds 


In the presence of a base, hydroxylamine-O-sulfonic acid or chloramine aminate carbonyl 
compounds nucleophilically, for example: 


{0SO3H 

am ®NH> 4 OH" NH 

<9 + HzN-OSO3H ——> sy) > @< b + HSO, + H,O 
Ol 
mc) 


In this reaction, the intramolecular nucleophilic substitution occurs on an N-atom. 
Oxaziridines are oxidizing agents as well as important synthetic intermediates [55]. For 
instance, N-hydroxyaminocarboxylic esters 2 can be prepared from a-aminocarboxylic 
acid esters with oxaziridines 1 as intermediates as follows: 


Oo 
Ph—& + HyN-CH-COOMe ——» Ph-CH=N—-CH-COOMe ——> 
H R R 
H,O 


O O 
Ph_Z_\ — +> Ph + HO-NH-CH-COOMe 
: N-cH-cooMe = é 
4, 


2 
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3.7 
3H-Diazirine 


3H-Diazirines are structural isomers of diazoalkanes. They are gases or colorless liquids, 
for example, 3,3-dimethyldiazirine, bp 21°C. Liquid 3 H-diazirines can decompose explo- 
sively. Their basicity is very low. Unlike diazoalkanes, they react with acids only slowly, 
with the liberation of nitrogen. 

The dediazoniation of 3 H-diazirines can be effected thermally or photochemically [56]. 
In the absence of carbene acceptors, the initially formed carbenes isomerize to give 
olefins, for example: 


H.C N Aor hv or 
3 EN a} 6H3C-G-CH; ——» H,C-CH=CH, 


H3C 


3H-Diazirines are prepared by oxidation of N-unsubstituted diaziridines with silver 
oxide or mercury oxide: 


H 

N N 
R1 Aen + Ag —— > AR! \ + 2Ag + HO 
R? R? 


3-Chloro-3 H-diazirines are formed by oxidation of amidines with sodium hypochlorite: 


NH aN 
RX + 2NaO0Cl ———~> RAN + NaCl + NaOH + H,O 
NH» Cl 
3.8 
Diaziridine 
H 
1N 
\ 
sNH 


Diaziridines are crystalline, weakly basic compounds. As already explained in con- 
nection with oxaziridines (see p. 39), the N-atoms are configurationally stable so that 
stereoisomerism is possible. 


N 
RL_/\ 


References 


The acid-catalyzed hydrolysis of diaziridines yields ketones and hydrazines: 


é H.©.H 
gO N +H,O 
RiL_/\ 
N 
N x 


R8 R2 


R? RS 


R! 


NH R! 
| yNtl2 @ 
R2-c-N —» \—o + H3N-NH-R? 
OH, ‘Re R? 


Diaziridines unsubstituted on the N-atoms can be oxidized to give 3 H-diazirines. 
Diaziridines are prepared by the action of ammonia and chlorine on ketones. Primarily, 
chloramine is formed: 


—_> 


2NH3 + Clo 


RLO 
ie 


R2 


NH5Cl + NH,Cl 


H 


N 
1 \ 
+ NHC + 2NH, ——> PXZ Nu + NHC + H,0 


R2 


The action of ammonia or primary amines and hydroxylamine-O-sulfonic acid upon 
ketones also yields diaziridines. Likewise, the amination of imines (azomethines) with 
hydroxylamine-O-sulfonic acid yields diaziridines: 
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4 
Four-Membered Heterocyles 


In four-membered heterocycles, the ring strain is less than that in the corresponding 
three-membered compounds and is approximately equal to that found in cyclobutane. 
Nevertheless, ring-opening reactions forming acyclic products predominate. At the same 
time, analogy with the reactivity of the corresponding aliphatic compounds (ethers, 
thioethers, secondary and tertiary amines, imines) becomes more evident. 


4.1 
Oxetane 


The oxetane ring represents a slightly distorted square because the bond angle at 
the O-atom is 92°. The strain enthalpy has been determined thermochemically to be 

106.3 kJ mol! and so is only 7.7 kJ mol”! less than that of oxirane, although the bond 

angles are 30° larger. The reason for this is that the planarity of the oxetane ring causes a 
considerable Prrzer strain due to the eclipsing interactions of the C—H bonds. This strain 

is reduced by ring-puckering between two nonplanar structures, which simultaneously 

leads to a reduction in the bond angles. 


Ao —— ~~ 


This results in a compromise between bond angle strain and Pitzer strain, which 
minimizes the total strain energy. The activation energy of the ring inversion amounts to 
0.181 kJ mol7, which is less than the energy of the molecular vibration. Consequently, 
the process occurs so fast that the molecule should be regarded as planar. 
Oxetanes react like oxiranes with ring-opening at a slower rate and under forcing 
conditions. Two reactions are of general importance: 


Acid-catalyzed ring-opening by nucleophiles 
Hydrogen halides react with oxetanes to give 3-halo alcohols. The acid-catalyzed 
hydrolysis yields 1,3-diols. 
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Cyclooligomerization and polymerization 

Lewis acids, for example, boron trifluoride, can add to a nonbonding electron pair of 
the O-atom. Thus, in dichloromethane as solvent, a cyclooligomerization is induced. The 
main product is the cyclotrimer 1,5,9-trioxacyclododecane [1]: 


2 ® © 
— ——O-—BF 
Ol + BFs oO 3 


Under different conditions, especially in the presence of water, linear polymers are 
formed. 


For the synthesis of oxetanes, two methods are useful, namely the cyclization of 
y-substituted alcohols and the PaTERNO—BicHI reaction. 


(1) Cyclization of y-substituted alcohols 


Alcohols 1 with a leaving group in y-position can be cyclized to oxetanes 2 upon treatment 
with base (e.g., hydroxide, alcoholate, etc.) via alcoholate 3 in an Syi process: 


>-OH base 9 2 
1 

| — HX X = halogen, 
* arylsulfonyl, 
A mesyl 
‘base Ol Sui 

-Ht 7 | -x® 
ae 


As substrates 1, y-halogeno alcohols or monoarenesulfonates of 1,3-diols are used. 
Alternatively, a 1,3-diol can be monodeprotonated by nBuLi and the alcoholate (3, 
X = OH) tosylated by means of tosyl chloride (> 1, X = Tos); finally, cyclization is 
affected with nBuLi (3, X = Tos — 2) [2]. 


(2) Paterno—Biichi reaction 


The photochemical (2 + 2)-cycloaddition of carbonyl compounds (aldehydes/ketones) 
and alkenes, known as PATERNO-BUcHI reaction [3], likewise leads to oxetanes: 


oO 
ie KL of 
R! R2 R 


R2 


The carbonyl group is first exited to the singlet state by an n — x™* transition, 
which is followed by intersystem crossing to the lower-energy triplet state. If the 
addition to the C=C double bond takes place from the singlet state, according to 
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the Woopwarp-HorrMaN rules the cycloaddition should be a concerted stereospecific 
process. 

In fact, stereospecifity in oxetane formation (e.g., > 4) is observed with alkenes 
possessing electron-withdrawing groups, for example: 


H 
NC (e) NCw Oo 
ee One Re 
NC H3C* ~CH, NC 3 
H CH, 


In contrast, alkenes with electron-donor substituents react in a non-stereoselective 
manner, as shown for the formation of the cis/trans-isomeric oxetanes 6: 


} 0 HC _6 
I} + Jk _hy dd 4: Fy 

J -EPh Ph 
HC Ph ~Ph HC ie 5 r 


| ring closure | 


H3C. 


HC 


H3C Oo H3C (e) 
H3C™2 Ph H Ph 
H Ph H3C Ph 
cis- trans- 


2,3-dimethyl-4,4-diphenyloxetane (6) 


This is interpreted in terms of the intermediacy of diradical species 5 and their capacity 
to undergo rotation about the C-2/C-3 bond before ring-closure. 

Oxetane formation by photochemical (2 + 2)-cycloaddition occurs regio- and stereos- 
electively with acceptor-substituted alkenes, quinones, and electro-deficient heterocycles 
[4]. 
Oxetane, a colorless, water-miscible liquid of bp 48 °C, is obtained in 40% yield by heating [P|] 
(3-chloropropyl)acetate with concentrated KOH solution. 

Oxetan-2-ones possess the structure of f-lactones. They are prepared by cyclodehydra- 
tion of B-hydroxycarboxylic acids with phenylsulfonyl chloride in pyridine: 


Ox LOH é 
PhSOZCI, Py © “ jl 


OH 


Since with stereochemically defined B-hydroxy carboxylic acids the configuration at the 
B-center is retained in the oxetanone product, the attack of PhSO2Cl should occur at the 
COOH group (with formation of a mixed anhydride 7) rather than at the OH group (with 
formation of an O-sulfonate) of the educt [5]: 
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PhSO,Cl O SO,Ph O 
OH pyridine fe) ie) 
de Hcl ,=,OH | —PhSO3H™ ts 
OH \ 
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An alternative method is the (2 + 2)-cycloaddition of aldehydes to ketenes promoted 
by Lewis acids: 


O 
C e) ° fe) R! oH 
ZnClp oder BF A 
ses + He Se et —_ FX +C0; 
1 R2 R38 R2 R38 
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Oxetan-2-ones decarboxylate on heating to give olefins. The synthesis of olefins starting 
from B-hydroxycarboxylic acids or from ketenes and aldehydes can thus be carried out as 
an alternative to the WittIc reaction. 

Oxetan-2-ones are more reactive than y- and 6-lactones because of ring strain. On 
treatment with sodium hydroxide, salts of B-hydroxycarboxylic acids are formed owing to 
attack of hydroxide ions on the C-atom of the carbonyl group. 

Diketene (4-methyleneoxetane-2-one) is formed by dimerization of ketene, which in 
turn is prepared by pyrolysis of acetone or acetic acid. The compound is an industrial 
intermediate. It ring-opens with ethanol to give ethyl acetoacetate; the nucleophile attacks 
the C-atom of the carbonyl group. 


a O 

C O oO EtOH 4 

ee ———>_ H3C-C-CH,-COOEt 
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Oxetanes rarely occur in nature. The diterpene alcohol taxol (8) (paclitaxel®) was isolated 
in 1971 from the bark of the pacific yew tree (Taxus brevifolia) native to north-west USA, 
and its structure was elucidated. The compound, which is now marketed, contains an 
oxetane ring and displays a strong antitumor and antileukemia activity. Its total synthesis 
has been achieved [6]. 
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4.2 
Thietane 


The thermochemically determined strain enthalpy of thietane is only 80 kJ mol~'. The 
activation energy for the ring inversion was found spectroscopically to be 3.28 kJ mol! 
and lies above the four lowest vibration levels. The ring is thus not planar: 


ae 


The reactivity of thietanes toward nucleophiles is much less than that of thiiranes. 
For instance, thietane does not react with ammonia or amines at room temperature. 
Electrophiles attack the S-atom and can thereby cause ring-opening. Thus, addition of 

acids leads to polymerization. A further example is their ring-opening by haloalkanes: 


S  4Mel oe Mel ie 3S 
+ Me + Me 
| | se | qj ba Ie > IAS 


Ke 


This demonstrates again that a positive charge on the heteroatom destabilizes the ring. 
Hydrogen peroxide or peroxy acids oxidize thietanes to 1,1-dioxides (cyclic sulfones) 
via 1-oxides: 


ie) 


S Hp02 s H5Oo iS =O 
Li =} Cy sO 
Thietanes can be prepared from y-halo thiols or 1,3-dihaloalkanes as follows: 


(1) Cyclization of y-halo thiols or their acetyl derivatives by bases 


rt + Cl + CH,COO- + H,O 
cl 


(2) Action of sodium or potassium sulfide on 1,3-dihaloalkanes 


Br iS 
+ Na,S ——> Lj + 2NaBr 


Br 
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Better yields are obtained from (3-chloropropyl)isothiouronium bromide, which is 
prepared from thiourea and 1-bromo-3-chloropropane; the latter is available by addition 
of hydrogen bromide to allyl chloride: 


® (o) 
NH> NH, Br 

+s=X 2 : H 
HB NH S NH» +20H Ss 2 
Clay ee CILLA Br > or Lj as = 
~ 2 

-Br- 

Cl 
—H 0 


Thietane is a colorless, water-insoluble liquid, bp 94°C, polymerizing slowly at room 
temperature, faster on exposure to light. 


4.3 
Azete 


Azete is iso-z-electronic with cyclobutadiene and therefore represents the simplest 
antiaromatic heteroannulene. It would be expected to be thermally unstable and extremely 
reactive, and as yet the parent compound has not been synthesized. However, derivatives 
stabilized by electronic or steric effects are known. 

Electronic stabilization allowed preparation of tris(dimethylamino)azete (2) (obtained 
by flash pyrolysis of the 1,2,3-triazine 1) and of the benzazete 4 (obtained by flash 
pyrolysis of the benzo-1,2,3-triazine 3). The kinetically stabilized tri(tert-butyl)azete 6 was 
synthesized (REGITz, 1986 [7]) by thermal dediazoniation of 3-azido-1,2,3-tri(tert-butyl) 
cyclopropene (5): 
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Azete 6 crystallizes as reddish needles of mp 37°C. In its chemical properties, 
6 shows analogies to cyclobutadienes. Its flash pyrolysis at 700°C gives di-tert-butyl 
acetylene and tBu-CN; AG* for this decomposition is very high, since a concerted 
(2 + 2)-cycloreversion is not allowed according to the Woopwarp-HoFEMaN tules: 


R 
ae ae ee 
UN ——~ Ih + If Rae 
R ¢ 
6 R 


—=N 
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N Aor Ht | | 
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Azete 6 dimerizes thermally to the 1,3-diazetidine system 7, which can be isomerized 
to the 1,5-diazocine 7. Azete 6 shows numerous cycloaddition reactions, especially with 
activated acetylenes and phosphaalkines; for its transformations to the pyridine valence 
tautomers see p. 364. 


4.4 
Azetidine 


NT i 


Azetidine was previously called trimethyleneimine. The activation energy of the ring 
inversion is 5.5 kJ mol ' and is therefore only slightly below the value for cyclobutane 
(6.2 kJ mol7'). The conformer with an equatorial N—-H bond is lower in energy: 


Q 
N 

ASO ria Nar 
W . 


Azetidines are thermally stable and less reactive than aziridines. They behave in their 
reactions almost like secondary alkylamines. The pK, value of azetidine is 11.29, and 
so it is more basic than aziridine (pK, = 7.98) and even dimethylamine (pK, = 10.73). 
Azetidines unsubstituted on the N-atom react with alkyl halides to give 1-alkylazetidines 
which can react further to give quaternary azetidinium salts. With acyl halides, they 
produce acylazetidines, and with nitrous acid they give 1-nitrosoazetidines. 

A positive charge on the N-atom destabilizes the ring, as is the case with the aziridines. 
Ring-opening by nucleophiles proceeds with acid catalysis. Hydrogen chloride yields 
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y-chloramines. 1,1-Dialkylazetidinium chlorides isomerize on heating to give tertiary 
y-chloramines. By contrast, neither bases nor reducing agents open the aziridine ring. 
The synthesis of azetidines can be accomplished starting with y-substituted amines or 
1,3-dihaloalkanes: 


(1) Cyclization of y-substituted amines 


y-Halogen substituted amines are dehydrohalogenated by bases, for example: 


Me 

NH we 
Me + KOH —— Me! + KBr + H,O 
Me 

Br Me 


The yields are lower than in the analogous aziridine synthesis. The MirsuNoBu reagent 
(see p. 34) [8] is suitable for the cyclodehydration of y-amino alcohols leading to azetidines 
[9]. 


(2) Action of p-toluenesulfonamide and bases on 1,3-dihaloalkanes 


+HaN-SOsAr SO2Ar 
Br +20OH” i Na, ROH NH 
——SSS ——— 
& —2H»,0 
Br -2Br 


The tosyl group can be reductively removed from the 1-tosylazetidine to give the 
NH-heterocycle. 

Azetidine is a water-miscible, colorless liquid of bp 61.5 °C. It smells like ammonia and 
fumes in air. 

Azetidines have been employed as tools for the synthesis of other nitrogen heterocycles 
due to their ability to undergo ring-opening and ring-expansion reactions (— pyrrolidines 
and azepanes) [10]. 

Azetidin-2-ones (f-lactams) are the most important azetidine derivatives [11]. For the 
synthesis of azetidine-2-ones, the following methods are representative. 


(1) Cyclization of 8-amino carboxylic acids 1 or the corresponding esters 2 


Oo 
1:X=0OH 
2:X=OR vata —HX os. 


Cyclodehydration of acids 1 can be accomplished with, for example, CH3SO2Cl/ 
NaHCO; [12], cyclization of esters 2 by treatment with a strong base, for example, a 
Grignard compound or an amide; thus, the cyclization of f-aminopropionate (2, R = Et) 
to give 3 can be carried out with mesityl-MgBr. 

If the f-aminoester carries defined stereochemical information, stereodefined 
f-lactams are obtained [13]. 
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(2) (2+ 2)-Cycloaddition of ketenes to imines (Staudinger reaction) 


4 H H 1 2 
R Yr H Re H R! R2 Re, - 
—_—e \ : 
Cc . N N N 
| "RB 10 () ‘Ra O ‘p3 
4 5 


As in similar cycloadditions of ketenes and alkenes, the Staudinger reaction is likely 
to occur via dipolar intermediates 4 in a thermally allowed two-step process to give 
cis-3,4-disubstituted azetidin-2-ones 5 stereoselectively. 

As precursors of the ketenes required for the Staudinger reaction, either acid chlorides 
in the presence of a base or carboxylic acids in the presence of a ‘‘dehydrating agent” are 
used: 


O 
1 _v base 
R'-CH, e [HCI | 
; 7, RaN 
R'-CH,-C’ R'-CH=C=O 
‘ —H,O0 
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Activation of carboxylic acids for dehydration can be achieved, for example, by 
2-halogeno-1-alkylpyridinium salts 7 (known as MuxatyaMa reagents, cf. p. 380) [14] 
or by the VitsMEIER reagent [CICH=NMe)]Cl [15]. In the presence of tertiary amines, 
these reagents transform carboxylic acids to 3,4-cis-azetidin-2-ones 5 on reaction with 
imines [16]. 


(3) (2+ 2)-Cycloaddition of alkenes to isocyanates 


R' fo) R, 0 os RL 0 
) rae PhSH 
—" im —— a 
R2 I 2 ‘. 2 . 
N.50,61 R? —‘SO,Cl R? +H 
8 9 10 


As in (2), this cycloaddition (in which preferentially the chlorosulfonyl isocyanate (8) 
is used) occurs stereoselectively, since the stereochemistry of the alkene is transferred 


33 
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to the cycloadduct 9. The ClSO2-group can be removed with base or PhSH to give the 
NH-azetidin-2-one 10. 


Azetidin-2-ones are more reactive than y- and 6-lactams because of their considerable 
ring strain. This is true for the alkaline fission to give salts of B-amino carboxylic acids, 
as well as for the acid-catalyzed hydrolysis to give B-carboxyethylammonium salts. 


NH Ni Z NHz 
——_—_—_— atl —_ 
oY mo i -. 


@~R HN-R 


Azetidin-2-ones are reduced chemoselectively by diisobutylaluminum hydride or by 
chloroaluminum and dichloroaluminum hydrides in tetrahydrofuran (THF) to form 
azetidines [17]. 

Benzazetine derivatives 12 have been obtained by intramolecular iodoamination of 
o-(acylamino) styrene derivatives 11 [18], for example: 


Ip, NAHCO3, MeCN l 
Ph > N 
N-X 96% a 
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The formation of the iodomethyl-functionalized benzazetines 12 is likely to occur via 
ring-closure of the iodonium-ion intermediates 13/14. 

The azetidin-2-one system is present in penicillins (see p. 212) and cephalosporins 
(see p. 455). These natural products are known as f-lactam antibiotics. They block the 
biosynthesis of compounds which form the bacterial cell walls. The 6-lactam antibiotics 
are the most prescribed antibiotics today. 

(S)-Azetidine-2-carboxylic acid (15) is a cyclic non-proteinogenic amino acid found in 
agaves and liliaceous plants. It was first isolated from lilies of the valley: 
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4.5 
1,2-Dioxetane 


0750 
4.3 


1,2-Dioxetanes are highly endothermic compounds. This is partly due to ring strain, but A,B 
above all to the low bond energy of the peroxide bond. 

The typical reaction of 1,2-dioxetanes is thermal decomposition. On warming 
tetramethyl-1,2-dioxetane in benzene or other solvents, blue light is emitted. Such 
a phenomenon is known as chemiluminescence [19]. It has been demonstrated that, 
according to the principle of conservation of orbital symmetry, one mole of acetone in 
an electronically excited state is formed. In this way, an electronically excited molecule 
(indicated by *) is created by a thermal process. With emission of light, the ground state 
is restored: 


* 


Me 
—_> =o + hv 
Me 


Two syntheses are available for the preparation of 1,2-dioxetanes starting from 
6-halohydro-peroxides or alkenes. 


(1) Dehydrohalogenation of 6-halo hydroperoxides 


The electrophilic bromination of alkenes, for example, with 1,3-dibromo-5,5-dimethyl- 
hydantoin in the presence of concentrated hydrogen peroxide, leads to B-bromo hydroper- 
oxides. These are cyclized with bases or with silver acetate to give 1,2-dioxetanes, for 
example: 


Me. Me n pr. Me Me 
+Brr,+ HoOo ~~ i.Me Me (e) 
oe we YIO-H a ee ! 
Me Me -iH Me=? 0” — HBr Me oO 
Mé Me 


(2) Photooxygenation of alkenes 


Donor-substituted alkenes in particular react with singlet oxygen to yield 1,2-dioxetanes 
by a (2 + 2)-cycloaddition. The singlet oxygen is generated in the presence of the alkene 
by passing oxygen through a solution of the alkene in the presence of a sensitizing dye, 
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for example, methylene blue under irradiation: 


hv, sensitizer 


log] emer, T-5-:| 


oxygen singlet-oxygen 
Me. Me —> i 
I a 101 Me O 
1 SS i 
Me~~Me  ‘'O! a 
<— Me 


|D| Tetramethyl-1,2-dioxetane, yellow crystals, mp 76-77 °C, emits light a few degrees above 
its melting point. 
1,2-Dioxetan-3-ones are also a-peroxy lactones. They can be prepared in solution at low 
temperature by cyclodehydration of w-hydroperoxycarboxylic acids with dicyclohexylcar- 
bodiimide. They decompose at room temperature with chemiluminescence: 


0Q-OH 


1 
age ag 
R2 0 2' R2 O 


The bioluminescence observed in glowworms and fireflies is due to the decomposition 
of 1,2-dioxetan-3-ones [20]. 

The 2,4-dinitrophenyl ester of oxalic acid 1 [21], which reacts with 30% hydrogen 
peroxide solution to give 1,2-dioxetane-3,4-dione 2, is an excellent example for the 
demonstration of chemiluminescence. It decomposes producing two moles of carbon 
dioxide, with 1 mol being generated in an electronically excited state. The light that is 
emitted on degradation to the ground state lies in the UV region and is made visible by 
addition of a fluorophore (F), for example, 9,10-diphenylanthracene: 
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Bya similar mechanism, 5-amino-2,3-dihydrophthalazine-1,4-dione (3) (luminol, see p. 
498) displays an intensely blue chemiluminescence on oxidation with hydrogen peroxide 
in the presence of complex iron salts, for example, hemin. 


+ 2H5Oo, 7 9 
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4.6 1,2-Dithiete 


The chemiluminescence of dioxetanes, luminol, and other heterocyclic compounds 
plays an important role in the solution of analytical problems in biochemistry and 
immunology [22]. 


4.6 
1,2-Dithiete 


This system is iso-z-electronic with benzene. MO calculations predict a delocalization 
energy of 92 kj mol‘, which overcompensates for the strain enthalpy of 43 kJ mol! and 
results in stabilization of the molecule. However, the parent compound has not yet been 
prepared. 

3,4-Bis(trifluoromethyl)-1,2-dithiete, a yellow liquid, bp 95°C, is formed in 80% yield 
on heating hexafluorobut-2-yne with sulfur. 
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CF, ll Me 
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Typical for disubstituted 1,2-dithietes is their valence isomerization, which re- 
sults in the formation of 1,2-dithiones. The equilibrium favors the 1,2-dithiete with 
electron-withdrawing substituents such as CF3. The reaction with 2,3-dimethylbut-2-ene 
to give a hexasubstituted 2,3-dihydro-1,4-dithiine proceeds, however, as a (4 + 2) cycload- 
dition via the 1,2-dithione. 

3,4-Bis(4-dimethylaminopheny])-1,2-dithiete exists in solution in equilibrium with the 
corresponding 1,2-dithione [23]: 


one = 


3,4-Di-tert-butyl-1,2-dithiete was obtained by heating 2,2,5,5-tetramethylhex-3-yne 
(di-tert-butyl acetylene) with sulfur in benzene in an autoclave at 190°C [24]. It is 
thermally stable and exists in the dithiete form. Valence isomerization into the dithione 
form would enhance the steric strain in the molecule. 
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4.7 
1,2-Dihydro-1,2-diazete 


Although this system is iso-z-electronic with benzene, only one analog has been 
prepared to date, namely 1,2-bis(methoxycarbonyl)-1,2-dihydro-1,2-diazete. Even at room 
temperature, it undergoes a slow valence isomerism to the corresponding 1,2-diimine 
[25]: 

,COOMe nF 
ri C COOMe 
‘coome Spy-COOMe 


4.8 
1,2-Diazetidine 


Again, the preparation of the parent compound has, as yet, not been achieved. However, 
numerous 1,2-diazetidines are known. 

The standard synthesis is a (2 + 2)-cycloaddition of electron-rich alkenes such as enol 
ethers or enamines to azo compounds, for example: 


EtO_ H n-COOEt Eto. ,COOEt 


yr .N —s 


CH N, N. 
2 COOEt COOEt 


The (2 + 2)-cycloaddition of ketenes to azo compounds yields 1,2-diazetidin-3-ones, for 
example: 


Pho ePh Ar Ph oar 
a ua 
N 


N 
6 Ar Oo “Ar 


1,2-Diazetidines and 1,2-diazetidin-3-ones are thermally very stable. On strong heating, 
they decompose into either an azo compound and an alkene or ketene, or into two 
molecules of imine or an imine and isocyanate. 


References 


By analogy with f-lactams, 1,2-diazetidin-3-ones react with nucleophiles with 
ring-opening, for example: 


Ar 


Ar, n or ae 
N-N — 
AN —> X] 206 —— 
Pht HO-Me prt 
Ph 7 Ph oO 
H® 


—Me 


A few 1,2-diazetidin-3-ones are so reactive that ring-opening occurs in moist air. 
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5 
Five-Membered Heterocycles 


In this large group of heterocycles, ring strain is of little or no importance. Ring-opening 
reactions are, therefore, rarer than in three- and four-membered heterocycles. The crucial 
consideration is rather whether a compound can be regarded as a heteroarene or whether 
it has to be classified as a heterocycloalkene (see p. 2). Various aromaticity criteria 
apply to heteroarenes, and, as a consequence, different opinions have been expressed 
on this matter [1]. As will be shown by means of examples of the various systems, the 
nature and number of heteroatoms are the critical factors. The parent compound of the 
five-membered heterocycles with one oxygen atom is furan. 


5.1 
Furan 


Formerly, the positions next to the heteroatom were indicated as a and a’. The univalent 
residue is known as furyl. All ring atoms of furan lie in a plane and form a slightly 
distorted pentagon (see Figure 5.1). 

The structural representation follows from the fact that the bond length between C-3 
and C-4 is greater than that between C-2 and C-3 and between C-4 and C-5. The ionization 
potential is 8.89 eV, the electron being removed from the third m-MO (see Figure 5.2b). 
The dipole moment is 0.71 D, with the negative end situated on the O-atom. In contrast, 
the dipole moment of tetrahydrofuran (THF) is 1.75 D. The small dipole moment of 
furan confirms that one electron pair of the O-atom is included in the conjugated system 
and is therefore delocalized. Furan has the following UV and NMR data: 


UV (ethanol): A (nm) (¢) 1H NMR (DMSO-dg): 6 (ppm) 13CNMR (DMSO-dg): 5 (ppm) 
208 (3.99) H-2/5: 7.46 C-2/5: 143.6 
H-3/4: 6.36 C-3/4: 110.4 


The Chemistry of Heterocycles: Structure, Reactions, Synthesis, and Applications, 
Third Edition. Edited by Theophil Eicher, Siegfried Hauptmann, and Andreas Speicher. 
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA. 
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Figure 5.1 Structure of furan (bond lengths in pm, bond angles 
in degrees). 


A 
energy 
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Figure 5.2 Electronic structure of furan (a) sp*-hybridization of the ring atoms, (b) energy level 
scheme of the m-MO (qualitative) and occupation of electrons, (c) x-MO (the O-atom is situated 
at the lowermost corner of the pentagon), and (d) x-electron densities calculated by ab initio MO 
methods [2]. 


The signals in the region typical of benzenoid compounds indicate that a diamag- 
netic ring current is induced in the furan molecule. Thus, furan fulfills an important 
experimental criterion for aromaticity in cyclic conjugated systems. 

A description of the electronic structure of the furan molecule is based on the 
assumption that all ring atoms are sp*-hybridized (see Figure 5.2a). The overlap of the 
five 2p, atomic orbitals yields delocalized m-MOs, three of which are bonding and two 
antibonding. 

MOs x2 and 73, as well as 17 und 1é, are energetically inequivalent (see Figure 5.2b,c), 
in spite of the fact that the carbocycles benzene and the cyclopentadienyl anion are 
iso--electronic with furan. Because the nodal plane of 13 passes through the heteroatom, 
in contrast to that of 13, the degeneracy is lost. Every C-atom contributes one electron 
and the O-atom two electrons to the cyclic conjugated structure. The six electrons occupy 
the three bonding x-MOs in pairs. As there are six electrons distributed over five atoms, 
the m-electron density on each ring atom is greater than one (see Figure 5.2). Furan 
therefore has to be regarded as a 1-electron-excessive heterocycle. 

Resonance energy [1] has been used for many years as the criterion for quantifying 
aromaticity in cyclic conjugated systems. It is defined as the deficiency in the energy 
content of a system when compared with nonconjugated or aliphatic reference structures, 
and therefore implies greater stability. Resonance energy can be theoretically calculated 
or experimentally determined. The latter is known as empirical resonance energy. The 
values of the empirical resonance energy for furan are reported to lie between 62.3 and 


5.1 Furan 


96.2 kJ mol ', the value varying from laboratory to laboratory using different methods. 
The energy of the furan m-system is less than the sum of the m-electron energies of the 
localized fragments C(sp*)—C(sp”) and O(sp”)-C(sp*) multiplied by two in each case. 
This difference may be viewed as the energy liberated by delocalizing the m-electrons 
in the furan molecule. The empirical resonance energy of benzene was calculated to be 
150.2 kJ mol”. As the value for furan is 80 kJ mol! its aromaticity is less than that of 
benzene. The so-called Dewar resonance energy is based on a corresponding aliphatic 
polyene, which is the hexa-1,3,5-triene in the case of benzene and the divinyl ether 
in the case of furan [3]. The value found for benzene was 94.6 kJ mol’ and that for 
furan 18.0 kJ mol~'. These values also show that furan is less aromatic than benzene. 
An aromaticity index for heteroarenes has been proposed based on experimentally 
determined bond lengths [4]. 

By analogy with benzene, furan undergoes reactions with electrophilic reagents, often 
with substitution. However, it can also react by addition and/or ring-opening depending 
on reagent and reaction conditions. 


(1) Electrophilic substitution reactions 


Furan undergoes electrophilic substitution (SgAr) about 10" times faster than benzene 
under similar conditions, since (a) the resonance energy of furan is less than that of 
benzene and (b) the furan ring has a 1-electron excess in comparison to benzene. 

The electrophilic substitution reactions of furan, like those of benzene, take place by 
an addition—elimination mechanism: 


E 


H 
fay * r 
-————_—_> Hl ®) — / \ 
O) 6 0 


O O 
one H 
m-complex > = — C\. 
ike . 
o-complexes 


The substitution occurs regioselectively at the a-position; when these positions are 
occupied, the B-position is substituted. Two reasons may account for these findings: (a) 
the delocalization of the positive charge in the o-complex II is more efficient, as it is not 
impaired by the heteroatom and (b) the HOMO coefficient is greater on the a-C-atoms 
than on the B-C-atoms (see Figure 5.2c). 


(a) Halogenation Chlorination of furan is possible at —40°C and yields 2-chlorofuran 
and 2,5-dichlorofuran. Bromination of furan under controlled conditions (Brj-dioxane 
complex, —5°C) gives rise to 2-bromofuran (2) and is likely to proceed via an 
addition-elimination sequence: 
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Br, 
li \ dioxane +B fo \H +Bro 0 Hf \UH  \ 
O O° ~Br es —HBr ON. 
1 2 


Bry, CH,OH | 


ie oe anes Os 


H3CO~ ~O* ~OCH3 H3CO” ~O” “OCH 
3 4 


Bromination in methanol leads to 2,5-dimethoxy-2,5-dihydrofuran (3) by trapping 
the product 1 of a primary 1,4-addition of Br) to furan by methanolysis. Catalytic 
hydrogenation of 3 gives 2,5-dimethoxytetrahydrofuran (4), a cyclic bisacetal, which 
is used in synthesis as a succindialdehyde equivalent. As an example may serve the 
biomimetic synthesis of tropinone (cf. p. 433) from succindialdehyde, methylamine, and 
acetone dicarboxylic acid (RoBINSoN and ScHOpPE, 1937) [5]. 


(b) Nitration and sulfonation 


(1) Furan is highly sensitive to concentrated mineral acids, which precludes the use of 
HNO3/H SO, mixture as nitrating agent. Nitration can be carried out by HNO; in acetic 
anhydride, in which acetyl nitrate (5) is present as a nitronium donor required for the 
S,Ar process. However, the primarily formed o-complex 6 is attacked by acetate to form 
the intermediate product 7 of a 1,4-addition of 5 to furan, which is aromatized by a base 
(e.g., pyridine) to give 2-nitrofuran (8) after elimination of HOAc: 


HNO; + AczjO0 ———» AcONO, = = AcO~ +NO,* 


— AcOH 
5 
[ \ AcONO, fy H + AcO™ H./—\ TH (base) [ \ 
0” =~ Aco ONG neo ono, -AcOH ~O” “NO2 
6 4 8 


Further nitration of 8 gives 2,5-dinitrofuran as the main product. 
(2) For sulfonation, the pyridine-SO3- or dioxane-SO3-complex can be used, which lead 
to furan-2-sulfonic acid by monosubstitution and further to furan-2,5-disulfonic acid. 


(c) Alkylation and acylation 


(1) Lewis acids for traditional FrirpEt-Crarts procedures (BF3, AlCl;, etc.) cause 
polymerization of furans and unsatisfactory yields in alkylation and acylation reac- 
tions. Exceptions are, for example, (i) the formation of 2,5-di(tert-butyl)furan (9) by 
(CH3)3CBr/SiO, and (ii) the formation of 2-trifluoroacetylfuran (10) by trifluoroacetic 
anhydride without catalyst: 


 \ tBuBr, SiO, iN (FsCCO),0 i \ CF, 
Oo —2HBr O —F,CCOOH (@) 


9 10 
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Furthermore, furans are susceptible to VitsMEIER formylation (with POCl;/DMF 
(dimethylformamide)), which gives rise to furan aldehydes, for example, 11 from 
2-methylfuran (via a-attack and hydrolysis of the primarily formed iminium ion): 


_L\ DMF/POCI, i \ ‘i Na,CO,, H,O y \ ‘j 
O O —HNMe, O 
UNS oO 
® 11 


(2) Furans may undergo hydroxyalkylation with activated aldehydes (e.g.,>12) as well 
as aminoalkylation with iminium cations (e.g.,—> 13): 


@ CH, (6) 
Cl,C-CHO H,C=N | Cl 
CH 

i ZnCl, /\ 3 C\ 4 

Cy a OY ee ee N 
Ow 8 (@) _HCI O “N 

OH 

12 13 


With ketones like acetone, hydroxyalkylation in general is followed by alkylation of 
further hetarene units; thus, a condensation product 14 from acetone and two molecules 
of furan [6] and the cyclotetramer 15 from acetone and four molecules of furan are known: 


7s / \ oH / \ On i 
{@) 


O ? {@) 6) a 6) O 


HCI, LiClO, 


4 fs +4 eo > 


Remarkably, the cyclotetramer 15 is formed by reaction with HCl in the presence of 
LiClO, in a yield of ~50%, probably due to the template effect of the Li-cation [7] and in 
analogy to pyrrole (cf. p. 114). 

Asymmetric versions of both hydroxyalkylation and aminoalkylation have been elabo- 
rated with high stereoselectivities utilizing chiral catalysts [8, 9], as shown by the examples 
16/17: 


a A \. coos 
cat* nN cat*: 
ah + BnOOc ( 2 ene (R)-6,6'-dibromo-BINOL 
H 
16 


none AM 
chiral acid* RLAr chiral acid*: 
A \_,, + on ————» 100° 0 modified (R)-BINOL- 


. HN, phosphoric acid 
17 Boc 
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Furfuryl alcohols and furylamines of the type 16 and 17 are relevant as chiral educts in 
synthesis (cf. [10] and p. 70). 


(2) Metalation 


(a) Organolithium compounds metalate furans regioselectively in the 2-position (+18). 
The metal transfer to the hetarene is preceded by a-deprotonation: 


® 
/ + R-Li 
co. H —R-H ‘BX Li ae ~ ‘BN E 


E = COOH, alkyl, acyl, halogen 
Br 


18 
oS + R-Li, -78 °C ss ) 
a aT / \ 19 

O 


Oo 


-40 °C 


The classical transformations of 18 with electrophilic reagents (e.g., carboxylation 
with CO2, alkylation with R-X, acylation with R-COX, halogenation with X2) allow the 
introduction of other functionalities at the furan system. The preference of a-metalation 
at furan is demonstrated by the fact, that 3-lithiofuran (19) — obtained by halogen-metal 
exchange of 3-bromofuran with RLi at —78°C — equilibrates to the more stable 2-lithio 
furan (18) on raising the temperature to —40 °C. 

(b) Reaction with Hg(II) chloride brings about mercuration of furan and substituted 
furans very readily and preferentially in 2-position, for example: 


HgCl,, NadAc 
lj \ H,0/ EtOH L\ 
O° *H O° ~HgCl 


20 


The mercury residue in 20 can be replaced by electrophilic reactants (e.g., X2, R-COX, 
HX). 


(3) Addition reactions 


The simplest addition reaction of furans is their catalytic hydrogenation to give tetrahy- 
drofurans. Some 1,4-additions were observed in S,Ar reactions of furan (cf. p. 64). 
Furthermore, furans undergo addition reactions, in which the 1,3-diene system or one 
of the heterocyclic double bonds are specifically involved. 


(a) One of the earliest examples of the D1Ets-ALpER reaction, the (4 + 2)-cycloaddition 
of a 1,3-diene with an activated alkene as dienophile, is the reaction of furan with maleic 
anhydride: 
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21 
endo - adduct 


22 
exo - adduct 


As with butadiene, a D1ets-ALDER reaction with “normal” electron demand occurs, that 
is, the HOMO of furan (see Figure 5.2c) interacts with the LUMO of maleic anhydride. 
The reaction is diastereoselective. ALDER’s endo-rule applies to the stereochemistry of the 
cycloadducts 21/22; thus, in acetonitrile at 40°C, the endo-adduct 21 is formed 500 times 
faster than the exo-adduct 22 owing to kinetic control. However, with a sufficiently long 
reaction time, product formation becomes subject to thermodynamic control; the initially 
formed endo-compound is completely converted via the educts to the exo-compound, 
which is more stable by 8 kJ mol7'. 

The Drets-ALper reaction of furans has been studied in detail [11]. Synthetically impor- 
tant are cycloadditions with acetylenic dienophiles, for example, acetylenedicarboxylates; 
primary cycloadducts are oxanorbornadienes (e.g., 23), which isomerize to phenols on 
treatment with acids (e.g., 24). The selective hydrogenation of 23 to 25 followed by a 
(4 + 2)-cycloreversion yields the furan-3,4-dicarboxylate 26: 


OH 
ee COOEt 
COOEt —_ 24 


2 COOEt COOEt 
& i i COOEt 
COOEt +He COOEt ~ 
COOEt —— sp > || +0 26 
23 Z 
COOEt COOEt 


Benzyne (28) (a representative of the short-lived reactive intermediates of the aryne 
type) can be trapped by Drezs-ALpDER reaction with furan to give the cycloadduct 29, 


which is isomerized to a-naphthol by acid: 
Ch oe 


OL ar [O)] —=- 


(a) X=Li, Y=F 
(b) COs", Y = Not 
(c) X = SiMeg, Y = OTf 


Arynes are generated by formal 1,2-elimination reactions from 1,2-disubstituted arenes 
like 27a—c. Trapping of benzyne by cycloaddition to furan goes back to the pioneering 
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investigations of G. Wirtic (1950) [12]. Intramolecular D1ELs-ALDER reactions of furan 
moieties provide a large variety of useful transformations in the synthesis of complex 
molecules [13]. 

Recently, a highly selective gold-catalyzed synthesis of anelated phenol derivatives (e.g., 
31) from 8-alkynyl furans (e.g., 30) was developed [14]: 


ak AuCl, (cat) N-Tos 
[e) CH3CN 
N=Tos). = = R 

—— 

30 


(R = CHg: 97%) OH 
31 


Mechanistic investigations [15] revealed that the transformation 30 — 31 does not 
follow the “simple” protocol of an intramolecular (4 + 2)-cycloaddition: 


*Tos ©) 
(ML = metal with ligands) 32 
Pon + Lewis acid 
a YO™7 ON-Tos (WA) 
LA R 

O OH 

|<" 

LA 36 34 35 


The reaction is initiated by electrophilic attack of the alkyne (activated by the Au-catalyst) 

to the furan ring and proceeds (via intermediates 32 and 33) to arene oxide - oxepin 
tautomers (34/35). Opening of the epoxide ring in 34 is determined by the formation 
of the more stable pentadienyl cation 36, which gives rise to selective formation of the 
phenol 31. 
(b) Under the conditions of the PATERNo-BicHi reactions (cf. p. 46), furans undergo 
photochemical (2 + 2)-cycloaddition with the carbonyl group of aldehydes and ketones 
[16] giving rise to dihydrofuran-anelated oxetanes, for example, 37/38, with high regio- 
and stereoselectivities: 


Best yields are obtained with phenyl substituents at the carbonyl moiety. 
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When the reaction is carried out in benzene solution, photocycloaddition to both furan 
double bonds occurs and bisadducts are formed, for example: 


Ph Ph 
Ph__Ph ia Ce oe 
[| o 4 v benzene d 5 
O 


In substituted furans, two effects are operating. Methyl substitution brings about 
cycloaddition at the most crowded side of the furan ring, for example, 39. Silyl- and 
stannyl substitution directs cycloaddition to the less hindered side, for example, 40: 


H_ Ph H 
TT hv 
OM oe. 
CH, SO as Si(iPr) O° “Si(iPr) 
40 


(4) Ring-opening reactions 


Ring-opening reactions of furans can be initiated (a) by means of BROnsteD acids in 
aqueous medium or (b) by means of oxidative transformations [17]. 


(a) Furans are protonated in the 2-position (and not at the O atom), for example: 


=\H 
R-S 


QO *R 


—_——_> 


< ——__ polymers 


O 
41 O 
\______» +H,O0 OH 
re en R - LL \¢ —_> ao? 
6° Ht O° ~R i 
43 44 


Concentrated H,SO, or HClO, induce polymerization of furans via cations 42. 
Dilute acids, like HClO, in aqueous dimethyl sulfoxide (DMSO), cause hydrolysis to 
1,4-dicarbonyl compounds 44, probably via nucleophilic attack of H2O at the 2-position 
of 42 and ring-opening of the thus obtained 2-hydroxy-2,3-dihydrofuran (43). The 
transformation 41 — 44 is the reversal of the ring-closing steps in the Paat-Knorr furan 
synthesis (cf. p. 71). 

(b) Furans can be cleaved by oxidants like N-bromosuccinimide (NBS), MCPBA, NaClO2, 
or methyltrioxorhenium in combination with the H2O2-urea complex. 2,5-Disubstituted 
furans furnish 1,4-diketoalkenes 45, possessing cis-configuration in general. 2-Substituted 
furans give rise to (Z)-alkenoic acids 46a using NaClO2 in acidic medium or to the 
corresponding aldehydes 46b using NBS or MCPBA. The aldehydes 46b are in a 
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pH-dependent equilibrium with the butenolides 48b. The (Z)-stereoisomers of the 
alkenoic acids 46a can be isomerized to the (E)-forms 47 by treatment with base (e.g., 
pyridine). 


R 
[0] / \ 
LS a R' 


The AcHMartowicz reaction is based on the foregoing oxidative cleavage of the furan 
ring in furyl alcohols 49, whose oxidation is preferentially performed with tert-butyl 
hydroperoxide or MCPBA. The primarily formed 1-hydroxy-2,5-dicarbonyl compounds 
50 immediately cyclize to the corresponding pyranones 51 by intramolecular hemiacetal 
formation: 


O O 
— R R R 
[\ 2 Ol HX XK ; | 
fe) —— OO OH H OH O 
50 
OH 
O OH 
49 ey 
fe) 
= R R 
(\ , uk 
O OO NH) ~~ No 
bs 
ney OH 
52 53 54 


When this oxidation-cyclization sequence is extended to furylamines 52, dihydropyri- 
dones with the hemiaminal structure 54 are obtained (via 53, aza-ACHMATOWICZ reaction). 
Both product types of the AcHMaTowicz reaction are synthetically relevant [17]. 


As a guiding principle for the synthesis the most important heterocyclic target 
molecules, in this book retrosynthetic analysis [18] will be used. This procedure leads 
to “‘logical’’ methods and starting materials for the construction of the required 
heterocycles, which then can be correlated with existing and preparatively relevant 
methods. 

When furan is considered in the light of a retrosynthetic analysis, it can be derived from 
a double enol ether and can, therefore, be dissected retroanalytically in two ways (I, II) 
according to the following scheme (Figure 5.3). 

According to route I (addition of water to the furan C-2/C-3 bond followed by 
disconnection O/C-2, that is, an enol ether hydrolysis according to steps a—c), the 


5.1 Furan 
H route | route II HO 
I : 
Ho? sO —s / \ ——* a 55 
+H,O (0) +H,O 
UE Ie 
OH 
c : : 
mae — wanes 
O HO Oo O xX HO 


Figure 5.3 Retrosynthesis of furan. 


1,4-dicarbonyl system 56 is suggested as educt; from 56, the furan system should be 
formed by intramolecular dehydration. Further disconnection of 56 (via f) leads to the 
a-halocarbonyl compound 58 and to the enolate of the carbonyl compound 59; the latter 
should be converted to 56 by alkylation with 58. 

According to route II, the primary H20 addition to the furan C-2/C-3 bond may occur 
in the opposite direction to a, thus following the retroanalytical step d. This leads to the 
intermediate 55, whose bond disconnection O/C-2 (e) corresponds to the reversal of an 
O-alkylation leading to the y-halo-$-hydroxycarbonyl system 57. A retro aldol operation 
(g) provides the same starting materials 58/59 as those from route I. 

Some of the following syntheses of furan [19] reflect the results of retrosynthesis. 
They are complemented by a series of more sophisticated furan syntheses, which are not 
directly deducible from classical retrosynthetic considerations. 


(1) 1,4-Dicarbonyl compounds, especially 1,4-diketones, undergo cyclodehydration 
when treated with concentrated H2SO., polyphosphoric acid, or SnCl, providing 
2,5-disubstituted furans 60 (PAAL-KNorR synthesis): 


H,SO. 
1 204 
RX) > al Vis 


ome) —H,0 fe) 
60 
H A 
+Ht « ty oO 
1 1— Fp 
prea Yay Bars > Rl - a a 
_u HO -H* 
61 62 


In an acid-base equilibrium, the BRONsTED or Lewis acid adds to one of the carbonyl 
groups in the 1,4-dicarbonyl system (— 61) thus enabling a nucleophilic intramolecular 
attack by the second carbonyl group to form intermediate 62; finally, acid-catalyzed 
B-elimination of HzO leads to the furan system 60 [20]. 
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(2) a-Halocarbonyl compounds react with B-keto carboxylic esters to yield derivatives of 
3-furoic acid 63 by cyclocondensation” (FEIsT-BENARyY synthesis): 


y: L Na,CO, R! COOEt 
R2 - H,O, —HX i: R2 
63 
: A 
! COOEt ' 
i S H HO COOEt 1 — H,0 
' R! R! i 
ere X R2 -s--0s5 > YO otrreeee 
Oo —HX QO” ~R2 
64 65 


The Frist-BENARY synthesis requires the presence of a base, for example, aqueous 
Na2COs3. It proceeds as a multistep reaction involving at least two intermediates (64/65) 
of which 3-hydroxy-2,3-dihydrofurans 65 can be isolated in some cases. The formation 
of 64 results from an aldol addition, that of 65 from an intramolecular nucleophilic 
substitution. 

Cyclic 1,3-diketones also react with a-halocarbonyl compounds according to the 
FerIsT-BENARY synthesis to produce furans, for example: 


Bs 0 : 
H 
OH" —HCI fo) 


In the reaction of f-ketoesters with a-haloketones, the possible competition between 
C-alkylation (followed by reaction of the Paat-KNorr type) and aldol addition (followed by 
reaction of the FEIst-BENARy type) can result in mixtures of isomeric furans. Regioselec- 
tivity can, however, sometimes be controlled by the reaction conditions, as, for instance, 
in the interaction of chloroacetone with acetoacetate, leading to the furan-3-carboxylates 
66/67: 


EtONa, COOEt COOEt 
EtOH, Nal i. (COOH), yaa 
— HCl Me™ GMP =H Me\o7-—~Me 
Cl COOEt ai 
Jee, 
Me” ~O O~ ~Me 660E 
NaOH, H,0 - on co 
a 
— HCl, - H,0 


1) Reactions which yield cyclic products from open-chain starting materials by the elimination of 
water, hydrogen halides, or other low-molecular-mass compounds are called cyclocondensations. 
They have to be classified as Domino reactions [21]. 
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(3) Among the syntheses which cannot be deduced from classical retrosynthesis is the 
ring transformation [22] of oxazoles to furans by a D1E1s-ALDER reaction with activated 
alkynes. For example, 4-methyloxazole 68 reacts with dimethyl acetylenedicarboxylate to 
provide furan-3,4-dicarboxylic ester 70 via a nonisolable cycloadduct 69: 


sae COOMe 
on | r Oj =~ ¢ g 
Nay N Ml = 


68 69 70 


The first step is a (4+ 2)-cycloaddition, the second a (4+ 2)-cycloreversion. The 
cycloreversion of the primary Drets-ALDER adduct 69 profits from the formation of the 
thermodynamically stable products acetonitrile and furan 70 [23]. 

(4) Ina metathesis-based approach to aromatic five-membered ring heterocycles [24], a 
series of tri- and disubstituted furans (74/79) has been synthesized [25]: 
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In this approach, bis allylether acetals 72 or allyl vinyl ethers 77 are subjected to 
ring-closing metathesis by means of GruBBs-type Ru-catalysts to give dihydrofurans 
73/78, which aromatize to furans on treatment with TFA. 

The educts 72/77 are synthesized (a) from allyl alcohols 71 by addition to methoxyallene 
and (b) from ethyl vinyl ether by metalation, addition of an aldehyde, acylation, and Takar 
olefination (+75 — 76). 

(5) Acetylene dicarboxylate reacts with the DABCO-derived acylammonium salts 80 in 
the presence of K,CO; to give 2(5)-substituted furan-3,4-dicarboxylates 81 in a single-step 
transformation [26]: 
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Presumably, an oxirene intermediate 84 generated from the primarily formed ammo- 
nium ylide 82 (or the ketocarbene 83 derived thereof) may account for the substitution 
pattern in the products 81 via (2 + 2)-cycloaddition to ADE (85 — 81). 

(6) Acetylene dicarboxylate likewise is educt for a three-component reaction with 
aldehydes and cyclohexylisocyanide proceeding efficiently and under mild conditions in 
ionic liquid medium to give 2-aminofuran-3,4-dicarboxylates 86 [27]: 
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For this multi-component reaction (MCR [28]) proceeding without the need for a further 
catalyst, a mechanism is suggested which involves primary attack of the isocyanide to 
the triple bond of DMAD followed by 1,3-dipolar cycloaddition of the resulting dipole 
87 to the aldehyde C=O group (87 — 88); subsequent (1,5)-H-shift in 88 complements 
formation of the aminofuran system 86. 

(7) Transition-metal-mediated cyclization reactions play an increasing role in the 
synthesis of heterocycles, as shown by furan syntheses catalyzed by Pd, Cu, and Au. 
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(a) In a three-component cyclization, acetoacetate, methyl propargyl carbonate, and an 
iodoarene give rise to polysubstituted 2-arylfuran-4-carboxylates 89 in the presence of 
Pd(PPh3)4 and K,CO3 as a base [29]: 


6 fe) Pd(PPha), H3G = COOR 
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According to a tentative mechanism as represented by the above (simplified) catalytic cy- 
cle, the propargyl carbonate is transformed to a Pd-intermediate 90, which decarboxylates 
to the allenic moiety 93; after addition of the enolate of acetoacetate (92) and isomeriza- 
tion (92 — 91), the m-allyl-Pd complex 91 cyclizes to the product 89. Highly functionalized 
tetrasubstituted furans can be prepared by a novel Pd-catalyzed three-component cycliza- 
tion of 2-alkinyl-2-alken-1-ones with an allyl chloride and an alcohol [30]. 

(b) Secondary propargylic acetates 94 undergo Cu(II)-triflate-catalyzed nucleophilic sub- 
stitution with silylenolethers 95 to furnish y-ethinyl ketones 96, which are cyclized by 
TosOH to give tri- or tetrasubstituted furans 97 [31]: 


oe Re ; Cu(OTH), : RS oo An PR? 
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For the acid-induced cyclization of 96 to the furans 97, an allenic intermediate 98 seems 
to be reasonable. In a comparable Cu(OTf)2-promoted cyclocondensation, secondary 
propargyl alcohols and 1,3-dicarbonyl compounds afford tetrasubstituted furans [32]. 
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(c) Acetoxypropargyl-substituted oxiranes 99 undergo cycloisomerization in the presence 
of a gold catalyst, mainly AuCl;, with incorporation of an ROH solvent molecule giving 
rise to 5-substituted furfuryl ethers 100 [33]: 


OAc 
AuCl,, excess R’OH / \ R 
Y o R ~ ms o 
Ar OR’ 
56 Au OAc R=H, alkyl, aryl 100 
/ A 
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A reasonable reaction mechanism involves (a) coordination of the alkynyl moiety to the 
Au-catalyst (+101), (b) domino nucleophilic attack of ROH and anti-endo-dig-cyclization 
via oxirane oxygen to afford the organogold intermediates 101-103, and (c) protonation 
of 103 to regenerate the Au-catalyst and to produce dihydrofuran 104 followed by 
HOAc-elimination to the products 100. 

The educts 99 are prepared from (E)-propenals 105 via ethinylation (+ 106, alternatively 
by addition of ethinyl-MgBr (108) followed by Sonogashira coupling with Ar-I), 
epoxidation (107) and O-acetylation: 


(1) Ar MgX OH 
(2) oe Ht a“ ApOReAOn Pa 
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(d) A flexible method is the cyclization of propargyl vinyl ethers 109 catalyzed by a catalyst 
combination of AuCl(PPh;)/AgBF, to give tri- and tetrasubstituted furan-3-carboxylates 
110 [34]: 
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re AgBF,, DCM . \ 
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This cyclization is likely to occur as a domino process consisting of CLAISEN 
rearrangement and heterocyclization. The Au(I)-catalyst activates the alkyne moiety of 109 
for a thermal oxa-propargyl-CLAIsEN rearrangement, which provides the allenyl carbonyl 
system 111 required for cyclization (probably via enol 112) to the furan-3-carboxylates 
110. AgBF, is necessary for activation of the Au(I)-catalyst. 


Furan is produced by the catalytic decarbonylation of 2-furaldehyde or by decarboxylation [>] 
of 2-furoic acid with copper powder in quinoline. Furan is a colorless, water-insoluble 
liquid of pleasant odor, bp 32°C. Addition of hydroquinone or other phenols inhibits 
polymerization, which occurs slowly at room temperature. 

2-Furaldehyde (furfural; from Latin for bran) is obtained industrially from plant 
residues which are rich in pentoses, for example, bran, by treatment with dilute sulfuric 
acid followed by steam distillation: 


HO OH 
HO, H* 
Pentosan. ————> CHO —— Oxo 
OH HO eee 
Pentose 


2-Furaldehyde is a colorless, poisonous, water-soluble liquid, bp 162°C, which slowly 
turns brown in air. Like benzaldehyde, it undergoes the CaANN1zzaro and the PERKIN 
reaction as well as the KNOEVENAGEL and acyloin condensations. The catalytic hydro- 
genation of 2-furaldehyde yields 2-(hydroxymethyl)oxolane (113, tetrahydro-2-furfuryl 
alcohol). This compound undergoes a nucleophilic 1,2-rearrangement to give 
3,4-dihydro-2 H-pyran (114) by the action of acid catalysts: 
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The preparation of the colored salt 115 of 5-anilino-1-(phenylimino)penta-2,4-dien-2-ol 
by the action of aniline and hydrochloric acid illustrates a ring-opening of 2-furaldehyde: 
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2-Furaldehyde is used as a solvent in the manufacture of polymers and as a starting 
material for syntheses. 2-Furaldehyde could attain the importance of a raw material 
for the chemical industry if the trend toward the use of “regenerative raw materials” 
increases further. 

5-Nitro-2-furaldehyde (5-nitrofurfural), mp 36°C, is prepared by the nitration of 
2-furaldehyde. Some of its derivatives are bacteriostatic and bactericidal, for example, the 
semicarbazone (nitrofural), and are used to combat infectious diseases. 
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5-(Hydroxymethyl)-2-furaldehyde (HMF) is formed by the dehydration of fructose, for 
example, with 1H-3-methylimidazolium chloride (an ionic liquid) catalyzed by CrCl. 
HMF is interesting for the development of new industrial product lines in the chemistry 
of renewable raw materials [35]. 

Furoic acid (furan-2-carboxylic acid) is obtained by dry distillation of p-galactaric acid 


(mucic acid): 
HQ OH 
ie eae eee -3H,0,- CO, CS -coor 


OH HO 


Furoic acid forms colorless crystals, mp 134°C. With a pK,-value of 3.2, it is a stronger 
acid than benzoic acid (pK, 4.2). 

Furans are occasionally found in plants and microorganisms, for example, carlina 
oxide (116), which is obtained by steam distillation from the roots of the carline thistle 
(Carlina acaulis): 
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Some natural products containing a furan ring have an intense odor, for example, 
2-furylmethanethiol (117), a component of coffee aroma, rose furan (118), a component 
of rose oil, and menthofuran (119), which occurs in peppermint oil. The compounds 118 
and 119 are reminiscent of terpenoid structures. 

Natural products belonging to the group of furocoumarins are described on p. 325. 
Furans are of considerable interest as vehicles for specific synthetic transformations 
[36]. This is shown by three characteristic examples of ring-opening reactions utilized in 
organic syntheses. 


(1) Ina synthesis of (Z)-jasmone (122, a naturally occurring fragrance), 2-methylfuran 
is metalated by nBuLi, and the metalation product is alkylated by means of 
(Z)-1-bromohex-3-ene. The resulting 2,5-disubstituted furan 120 is cleaved by aqueous 
acid to give the 1,4-diketone 121, which is converted to the target molecule 122 by 
base-catalyzed intramolecular aldol condensation [37]: 


eo ned, / \ Zz 


——————> Me 0 
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(2) 2-Furylalcohols, for example, 2-furylmethanol (123), are ring-opened by HCl in 
alcohols to give esters of 4-oxopenanoic acid, for example, 124 (MARCKWALD cleavage 
[38]). Likewise, 2-furyl vinylcarbonyl systems (acids, esters, ketones) are cleaved by 
HCl/ROH, for example, 2-furyl acrylic acid (126) to the y-ketodiester 127. 
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The transformation 123 — 124 is formally an internal redox process and can be 
interpreted by a mechanism in which proton-induced formation of a carboxonium 
intermediate 125 and ROH addition at the 5-position of 125 are the crucial steps, 
followed by tautomerization and (H*-catalyzed) hydrolytic opening of the furan ring. 

In contrast, 2-furylalcohols of type 128 rearrange to 4-hydroxycyclopentenones 129 on 
treatment with ZnCl) in H2O/dioxane [39]: 
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This rearrangement is likely to proceed in its primary steps in analogy to the above 
mechanism of the MarckwaLp cleavage, namely via Lewis acid-induced formation of a 
carboxonium intermediate and addition of OH~ (130 132). The hemiacetal 132, how- 
ever, may ring-open to the 3-oxopentenal 131, whose ZnCl,—promoted intramolecular 
aldol addition (presumably via the enol form) gives rise to the hydroxycyclopentenone 129. 
(3) The alkaloid nothapodytine B (139) displays antiviral properties. Its synthe- 
sis [40] starts with the 2-chloroquinoline derivative 133, which is subjected to a 
Pd-mediated Suzuxi-Mryaura coupling with 5-ethylfuran-2-boronic acid (134). The 
resulting 2-furyl quinoline (135) is oxidized by means of NBS in basic medium to give the 
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(2-quinoline)-substituted 1,4-diketoalkene 136 as key intermediate. Its cyclocondensation 
with methylcyanacetamide (137) followed by acetylation yields the 2-acetoxypyridine 
derivative 138, which is cyclized and O-deacetylated by gaseous HBr in CF;CH2OH to 
give the tetracyclic 2-pyridone system in the target molecule 139. 

As central transformation, this synthesis establishes the heterocyclic interconversion 
of a furan unit to a 2-pyridone system. 


NN Pd(PPhs)4 S OMe _ NBS, NaHCO,, 
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5.2 
Benzo[b]furan 


Benzo[b]furan, often called benzofuran, shows the following UV absorption bands and 
NMR signals: 


UV (ethanol): 4 (nm) (¢) 1H NMR (acetone-de): 5(ppm) 13CNMR (CS2): 5(ppm) 

244 (4.03) H-2: 7.79 H-5: 7.23 C-2: 141.5 C-6: 124.6 
274 (3.39) H-3: 6.77 H-6: 7.30 C-3: 106.9 C-7: 111.8 
281 (3.42) H-4: 7.64 H-7: 7.52 C-4: 121.6 C-3a: 127.9 


C-5: 123.2 C-7a: 155.5 


The signals for the furan protons are again found in the region of benzenoid protons. 
The C-2/C-3 bond, in contrast, behaves chemically rather like a localized olefinic double 
bond, that is, it undergoes addition reactions. 

Electrophilic reactants attack benzo[b]furan preferentially at the 2-position. Thus, ni- 
tration with HNO; in acetic acid yields 2-nitrobenzo[b]furan, while N20, in benzene 
leads to a 4: 1-mixture of 3- and 2-substitution products. On Vi1tsMEIER formylation 
(DMF/POCI;), benzo[b]furan-2-carbaldehyde (1) is obtained. Condensation with aldehy- 
des in the presence of Bi(OTf)3 as catalyst leads to bis-(2-benzo[b]furyl)methanes (3) in 
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a hydroxyalkylation/alkylation sequence [41]. Benzo[b]furan reacts with bromine to give 
the addition product 2 (with trans-configuration), which on dehydrobromination with 
base gives rise to a mixture of 2- and 3-bromobenzo[b]furans: 
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Benzo[b]furan is metalated by nBuLi in the 2-position. 

In contrast to furan, the benzene ring in benzo[b]furan (due to its large resonance 
energy) is dominant to such an extent that (4+ 2)-cycloadditions are not possible. 
However, photochemical (2 + 2)-cycloaddition (e.g., with activated alkynes like ADE) 
occurs readily on the C-2/C-3 double bond and leads to cyclobutene derivatives, for 
example, 4: 
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Photooxygenation of 2,3-dimethylbenzo[b]furan at —78°C produces a dioxetane (5), 
which isomerizes at room temperature to give 2-acetoxyacetophenone (6) [42]: 


Me 
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The reactivity of the C-2/C-3 double bond in benzo[b]furan resembles to that of a vinyl 
ether. 


(1) Benzo[b]furan was first prepared from coumarin by addition of bromine and 
dehydrobromination of the adduct 7 with KOH: 
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The name coumarone, which was previously used for benzo[b]furan, originates from 

this synthesis [43]. The base-induced ring-contraction of the adduct 7 to benzo[b]furan is 
known as the PERKIN rearrangement. 
(2) (a) 2- or 3-Substituted benzo[bjfurans 9/11 are accessible by acid-catalyzed 
intramolecular hydroxyalkylation/elimination sequences (SgArj) from (2-phenoxy)- 
alkanones (8) [44] or from (2-phenoxy)-alkanals 10 carrying a carbonyl moiety in the 
6-position of a phenol ether [45]: 
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(b) 2,3-Disubstituted benzo[b]furans 14 are efficiently synthesized by Pd-catalyzed cy- 
clization of arylboronic acids 12 carrying a (B-carbonyl)-substituted phenolether unit in 
ortho-position [46]: 
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This cyclization process can be mechanistically rationalized (in simplified form) by 
Pd-catalyzed intramolecular addition of the boronic acid to the side-chain C=O group 
(presumably via ate-complex situation 15) and formation of boronates 13, which eliminate 
H3BO; to give 14. When the cyclization is performed in H20, products 16 are formed by 
hydrolysis of the boronates 13. 
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(3) 2-Arylbenzo[bjfurans (20) are obtained by iodine-mediated cyclization of 
(o-hydroxy)stilbenes (17) prepared by selective McMurry cross-coupling of salicylic 
aldehyde and aryl aldehydes [47]: 


Ww 4 19 
18 ee 
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O N A 
Cen Ben. 
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The iodine-induced cyclization 17 — 20 can be understood via formation of the 

iodonium ion 18, its intramolecular opening by attack of phenolate (18 > 19) and 
base-induced HI-elimination (19 — 20). 
(4) Functionalized benzo[bjfurans are conveniently obtained from 2-ethinylphenols (21) 
by transition-metal-mediated cyclizations. Use of an Au(I)/Ag(I)- or Rh/BINAP-catalyst 
system gives 2-substituted benzo{bjfurans (22) directly [48], while application of a 
Pd, /thiourea/CBr, cocatalysis system followed by carbonylation of the Pd-intermediate 
(simplified as 23) in methanol yields benzo[b]furan-3-carboxylates 24 [49]: 
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(5) 2-Functionalized benzo[b]furans 27 are formed by Pd-catalyzed cycloisomerization 
of (o-hydroxypheny]l)-substituted propargyl alcohols 25 leading to enol ethers 26 followed 
by acid-catalyzed allylic rearrangement with solvent incorporation (26 — 27) [50]: 
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Benzo[b]furan, a colorless, oily, water-insoluble liquid, bp 173°C, occurs in coal tar. 
It is probably formed during coal carbonization by cyclodehydration of 2-ethylphenol. 
Copolymerization of indene in the presence of BRONsTED or Lewis acids yields 
the so-called coumarone resins, which find use in industry (adhesives, paints, 
binders). 

Several natural products and pharmaceuticals are derived from benzo[b]furan, for 
example, the bactericidal 2-(4-nitrophenyl)benzo[b]furan 28. Amiodarone (29), a substi- 
tuted 3-benzoyl-2-butylbenzo[b]furan, is used in the treatment of cardiac arrhythmia: 


5.3 
Isobenzofuran 


The name isobenzofuran is retained for benzo[cjfuran. It is apparent that the 
six-membered ring does not possess a -electron sextet, but exhibits an orthoquinonoid 
structure. The resonance energy of isobenzofuran is thus much less than that of 
benzo[b]furan. As a consequence, isobenzofuran has so far not been isolated in pure 
form [51]. It is formed by flash vacuum pyrolysis of benzo[b]-7-oxabicyclo[2.2.1]hept-2-ene 
(1), and it polymerizes rapidly even at low temperature [52]. 


CH 
! @e > im S is ! 
= CH, 


In contrast, 1,3-diphenylisobenzofuran (3) is prepared from 3-phenylphthalide (2) by 
addition of PhMgxX or, in a more general synthesis [53], from (o-benzoyl) benzaldehyde 
(4) by chemoselective addition of PhMgX to the aldehyde function and subsequent 
acid-catalyzed dehydration: 
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The (o-acyl)benzaldehyde 4 is prepared by lead tetraacetate oxidation of the benzoylhy- 
drazone (5) of salicylaldehyde, where the benzoyl group formally replaces the phenolic 
OH-group [54]. 

The intensely yellow compound 3 has a mp 127°C; its solution exhibits a blue-green 
fluorescence. 

1,3-Diphenylisobenzofuran proves to be a _ very reactive 1,3-diene in 
(4+ 2)-cycloadditions. It is used to trap unstable alkenes, alkynes, or arynes 
(e.g., dehydrobenzene, cf. p. 67) with formation of D1rts-AtpER-adducts, for example, 6: 


of -0— of: 


The photooxygenation occurs at —50°C as a (4 + 2)-cycloaddition in an analogous way, 
but differently to that of benzo[b]furan. The product 7 is reduced by potassium iodide in 
acetic acid to 1,2-dibenzoylbenzene (8): 


Ph Ph O 
= O,, hy, sensitizer O KI, CH,;COOH Ph 
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Ph Ph O 
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Itis characteristic of the reactions of 1,3-diphenylisobenzofuran that the transformation 
of the orthoquinonoid into a benzenoid structure profits from the resonance energy of 
the m-electron sextet. 
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5.4 
Dibenzofuran 


The designation [b,d] can be omitted, as no other ring fusion can exist. Dibenzofuran 
was previously known as diphenylene oxide. 

Dibenzofurans behave like 0,0’-disubstituted diphenyl ethers, that is, they undergo 
substitution reactions typical of benzenoid compounds. Halogenation, sulfonation and 
acylation occur in the 2-position, and subsequently 2,8-disubstituted compounds are 
formed. Nitration yields 3-nitro- and then 3,8-dinitro compounds. Lithiation and mercu- 
ration lead to 4-substituted and finally to 4,6-disubstituted products [55]. 

The action of lithium in boiling dioxan causes “ether fission’ of dibenzofuran. On 
hydrolysis, the product yields 2-hydroxybipheny]: 


is (V > a> 


OLi ‘OH 


Dibenzofuran is conveniently prepared by the acid-catalyzed dehydration of 
2,2'-dihydroxybiphenyl [56]: 


One sir 


Substituted dibenzofurans 4 can be prepared in a one-pot two-step procedure of 
o-bromophenols 1 with 2- or 4-acceptor-substituted fluorobenzenes 2 in the presence of 
K,CO3, consisting of a nucleophilic aromatic substitution by phenolate (— 3) followed by 
Pd-catalyzed intramolecular aryl-aryl coupling (3 — 4) [57]: 


K,00, |S Bo Pd-catalyst cS S 
R->— | —-A}| ——— Re | —A 
“SyAr A~o-\F A~o-\F 
3 


R =H, F, OCH, 
A = NOs, CN 


Dibenzofuran, colorless, fluorescent crystals, mp 86°C, bp 287 °C, occurs in coal tar. 

2,3,7,8-Tetrachlorodibenzofuran and other polychlorodibenzofurans (abbreviated 
PCDFs) are extremely toxic and, like 2,3,7,8-tetrachlorodibenzo[1,4]dioxin (see p. 
439), belong to a group of compounds known as supertoxins [58]. The lethal dose 
for monkeys lies in the region of 0.07 mg/kg body weight. PCDFs are formed in 
traces during the industrial production of polychlorobenzenes, polychlorophenols, and 
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polychlorobiphenyls, as well as during the combustion or thermal decomposition of 
products which contain such compounds. Among these are pesticides, wood preserved 
with polychlorophenols, as well as transformer oils, for example: 


Cl Cl 


5.5 
Tetrahydrofuran 


The C-O and C-C bond lengths in tetrahydrofuran (oxolan) are 142.8 and 153.5 pm, 
respectively. These values are close to the corresponding bond lengths in dialkyl ethers. 

The ring is virtually strain-free, but not planar. There are 10 twist and 10 envelope 
conformations, which interconvert rapidly through pseudorotation (activation energy 

0.7 kJ mol‘). This results in a molecule which has almost free conformational mobility. 

Three ring atoms are coplanar in the twist conformation and four in the envelope 
conformation. 


O 
twist | O 
(half-chair) envelope 


The chemical shifts of the H- and C-atoms of tetrahydrofuran in the NMR spectra are 
as follows: 


1H NMR (CCl4): 5 (ppm) = '3C NMR (D20): 6 (ppm) 


H-2/H-5: 3.61 C-2/C-5: 68.60 
H-3/H-4: 1.79 C-3/C-4: 26.20 


These values are typical for dialkyl ethers and are significantly different from those of 
furan (see p. 61). 
By analogy with oxetanes, tetrahydrofurans are ring-opened by nucleophiles. For example, 
4-chlorobutan-1-ol is obtained on heating tetrahydrofuran with hydrochloric acid: 


_+HCl ore os {Xi 
OH 
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Lithium alkyls, for example, n-butyllithium, also effect ring-opening. First, 
2-lithiotetrahydrofuran is formed, which at room temperature slowly decomposes 
through a (3+2) cycloreversion into ethene and the lithium enolate of acetaldehyde: 


BuLi CH 7 
ee" ae i” + e}) is 
O Li ol 


O 


Tetrahydrofurans thus behave essentially like dialkyl ethers. 
The simplest method for obtaining tetrahydrofurans is by cyclodehydration of 1,4-diols: 


R! R? 


OH OH ~H,0 O 


Tetrahydrofuran itself is produced industrially by catalytic cyclodehydration of 
butane-1,4-diol. 

A further method for the synthesis of tetrahydrofurans is the cyclization of appropriately 
substituted y,3-unsaturated alcohols 1 [59]: 


This reaction differs from a simple cyclization because of the introduction of the 
iodomethyl group in addition to ring formation, which is due to primary formation of an 
iodonium ion (2) and its intramolecular opening by the OH group. The reaction proceeds 
diastereoselectively giving rise to trans-2,5-disubstituted tetrahydrofurans 3. 
Tetrahydrofuran, often abbreviated as THF, is a colorless, water-soluble liquid of pleasant 
odor, bp 64.5 °C. Inhalation of its vapors leads to severe poisoning. When stored in air, 
tetrahydrofuran is converted to a hydroperoxide by autoxidation: 


(> ee Coo > petox 
_ peroxides 
O O O-OH 


This can easily be demonstrated by the liberation of iodine upon the addition of 
potassium iodide. The hydroperoxide transforms to highly explosive peroxides. 

Tetrahydrofuran is used as a solvent, especially for GRIGNARD reactions, and at low 
temperature also for the preparation of organolithium compounds. 

Many natural products are derived from tetrahydrofuran. Of great biological importance 
are those carbohydrates (pentoses, and to a lesser extent hexoses and glycosides derived 
therefrom), which contain a tetrahydrofuran ring and which are therefore known as 
“furanoses.” 

Muscarine (6), one of the active ingredients in the toadstool fly agaric (Amanita 
muscaria), contains a 2,3,5-trisubstituted tetrahydrofuran structure. A number of stere- 
ocontrolled syntheses have been worked out for muscarine. One of these starts with 
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methyl vinyl ketone [60]; in its key transformation, the appropriately substituted 
(2,6-dichlorobenzyl) ether 4 is cyclized with iodine: 


cl 5 6 


Differently to the alcohol 1 (see p. 88), the diastereomer 5 is formed, whose 
2,5-substituents are arranged in the cis-configuration; on reaction with triethylamine, 5 
is transformed to (+)-muscarine (6). 

Cantharidin (8) is the poison of the cantharis beetles, among them the Spanish fly, 
native to Southern Europe. Cantharidin is a skin irritant and vesicant. 

The direct synthesis of cantharidin via DrELts-ALDER reaction of furan with dimethyl 
maleic anhydride (7) is not possible. However, cycloaddition can be carried out with 
2,5-dihydrothiophene-3,4-dicarboxylic acid anhydride (9) as dienophile. The cycloadduct 
10 (exo/endo mixture 85 : 15) is subsequently hydrogenated (—11) and the tetrahydroth- 
iophene ring in 11 is cleaved by a reductive desulfurization [61]: 


O 
re 5 fe) O fe) O 
(@) / = e 
7 = pK Bue: 


5M [Pe 
LiClO, S | 09 63% 
Et,O fe) O H, O O 


Polyether antibiotics contain tetrahydrofuran rings. In monensin (12), three tetrahy- 
drofuran rings are linearly connected. The molecule contains 17 asymmetric centers. 
Stereoselective syntheses for monensin have been elaborated [62]. In nonactin (13), the 
rings are interconnected in an a,a’-orientation via ester groupings. Nonactin is therefore 
classed as a macrolide antibiotic. Polyethers of the type 11/12 are capable of facilitating 
ion transport across biological membranes; they are, therefore, also known as ionophores. 
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5.6 
Thiophene 


The univalent radical from thiophene is called thienyl. The ring atoms of thiophene are 
coplanar, as in furan (see Figure 5.4). The greater atomic radius of sulfur causes the 
bond between the heteroatom and one of the a-C-atoms to be longer by 35.2 pm than 
that in furan. 

The ionization potential of thiophene is 8.87 eV, which is, according to KoopMAN’s 
theorem, equal to the negative orbital energy of 13 (see Figure 5.2c, p. 62). Because of 
the lower electronegativity of sulfur compared with that of oxygen, the dipole moment of 
0.52 D is even smaller than that of furan. The chemical shifts in the NMR spectrum lie 
in the typical aromatic regions, as is the case with furan: 


UV (95% ethanol): A(nm) (2) 1H NMR (CS;): 5(ppm) 13C NMR (acetone-dg): 5(ppm) 
215 (3.80) H-2/H-5: 7.18 C-2/C-5: 125.6 
231 (3.87) H-3/H-4: 6.99 C-3/C-4: 12 


Thiophene is aromatic. Its electronic structure follows from Figure 5.2 (see p. 62). 
Thiophene is a m-excessive heterocycle, that is, the electron density on each ring atom 
is greater than one. The value of the empirical resonance energy of thiophene is 
approximately120 kJ mol‘; the Dewar resonance energy is quoted as 27.2 kJ mol‘. The 


Figure 5.4 Structure of thiophene (bond lengths in pm, bond 
angles in degrees). 
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aromaticity of thiophene is thus less than that of benzene but greater than that of furan. 
There are two possible explanations to account for the difference between thiophene 
and furan: 


* Because of the lower electronegativity of sulfur compared with oxygen, the electron 
pair on sulfur is more effectively incorporated into the conjugated system, that is, its 
delocalization produces more energy. This assumption is consistent with the dipole 
moments. 

¢ Sulfur, as an element of the second short period, is capable of expanding its octet. 
Thus, its 3d-orbitals can take part in the conjugated system. This can be demonstrated 
by its resonance structures: 


Q-9| 


* Spectroscopic measurements and MO calculations have shown, however, that the 
involvement of the 3d-orbitals in the aromatic system is negligible, certainly in the 
electronic ground state of the thiophene molecule. 


Thiophene prefers reactions with electrophilic reagents. Additions and ring-opening 
reactions are less important than with furan, and substitution reactions are dominant. 
Some further reactions, such as oxidation and desulfurization, are due to the presence of 
sulfur and are thus confined to thiophenes. 


(1) Electrophilic substitution, metalation 


In SgAr reactions, thiophene reacts more slowly than furan; the SgAr reactivity of 
thiophene corresponds to that of anisole. The mechanism of electrophilic substitution is 
the same as described for furan (cf. p. 63): monosubstitution occurs predominantly in 
the 2-position, disubstitution in the 2,5-positions. 

Chlorination occurs on reaction with N-chlorosuccinimide (NCS), SO2Ch, or 
SnCl,/Pb(OAc)4, bromination with NBS, Br2/HOAc, or Br2/48% HBr, iodination with 
I,/HNO3/H)0 [63]: 


HNO,/ 
Ac,O/HOAc 


ON 
oO 
oo S~ ~NO> O2N” *S* “NO, 


minor major major minor 


ee 
KX, a. — {> a es SO3H 


91 


92 


5 Five-Membered Heterocycles 


Nitration is effected by HNO3 in Ac,O/HOAc and gives predominantly 
2-nitrothiophene, further nitration predominantly 2,4-dinitrothiophene. 

Sulfonation with 96% H SO, occurs rapidly and readily at —30°C. Benzene reacts 
very slowly under these conditions, thus providing a method to separate thiophene from 
benzene (cf. p. 99). 

Alkylation occurs readily, but rarely in defined form (cf. p. 64); an exception is 
2,5-bis-tert-butylation. 

Acylation can be conducted efficiently (a) with acid chlorides and SnCl, as catalyst 
to give 2-acylthiophenes and (b) by application of the VirsmeIER formylation to give 
thiophene-2-carbaldehydes: 


9 
aa Rr eonels OY DMF / POCI, I\ 6 


$s = Ss TT Ss 
o CH,O, ® CH; ,_© 
Ho ee |x 
Ss S) ~CHs 


Acid-catalyzed hydroxyalkylation with aldehydes or ketones is not a viable route 
to hydroxyalkyl thiophenes, since these are unstable under the reaction conditions. 
However, chloromethylation with CH20/HCl and aminomethylation with iminium salts 
are reported. 

Thiophene undergoes metalation in the 2-position by reaction with n-butyllithium. The 
resulting 2-lithiothiophene is susceptible to various electrophilic reactions, for example, 
with alkyl, silyl, or stannyl halides: 


S, =. =o. 


Ss Ss”? CLi s 
| Hg(OAc), R = alkyl, silyl, stannyl 
NaCl 
A. 2 A\ ea ee = A\ 
(AcO)Hg” *s* “Hg(OAc) CIHg~ “s* ~HgCl = 2HgXCl” — x“NgS x 


Mercuration of thiophene occurs very readily, preferentially by reaction with 
Hg(II) acetate, to give the 2,5-bismetalated product; electrophilic replacement of the 
metal-residues, for example, with halogens, can be straightforwardly achieved. 


(2) Transition metal-mediated reactions 


Acylation, vinylation, and ethinylation involving Pd(0)-catalyzed coupling reactions can be 
performed with halothiophenes, thiophene boronic acids, or thienyl stannanes following 
the “classical’’ SuzuKI-MIyAURA, STILLE, or SONOGASHIRA protocols [64]. 

Thiophene and its derivatives are, however, also susceptible to direct Pd-catalyzed 
C-H-functionalization [65], as shown by the following examples. 
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(a) Thiophene or 2-substituted thiophenes undergo arylation in a-position with aryl 
halides in the presence of Pd(PPh3)4 and KOAc as a base (e.g.,>1) [66]: 


Br 


Pd(PPhs), i\ 
] \ ‘ KOAc s ; 
S° *H R =H, OCH3, EWG 


(b) 2-Substituted thiophene derivatives can be vinylated under weakly basic conditions 
by means of acrylates in the presence of a Pd(II)/Cu(II)-catalyst system and aerial oxygen 
(e.g.,—> 2) [67]: 


Pd(OAc)>, Cu(OAc)» 7 
LiOAc, O, (aerial 
A \. * ZFY>coor’ HOM: a teenie) = use: 


2 


(c) 3-lodothiophene reacts readily with acrylates, acrylic amides, or vinyl ketones in 
the presence of Pd(OAc)2, Cs2CO3, norbornene (as auxiliary substrate), P(2-furyl);, and 
n-butyliodide to give trisubstituted thiophenes (3) [68]: 


O 


I Pd(OAc)>, Cs,COz, nBu me 
P(2-furyl),, norbornene 
U \ + Arcoor’+ nBul eins > | \\ on 


Ss iS nBu 3 


Asa mechanistic rationale of this multicomponent Domino process, a HEcxK vinylation 
at 3-position is suggested accompanied by alkylations with nBul in both adjacent ring 
positions (2 and 4) mediated by transition metal activation of the C-H bonds. 

(d) Imines of thiophene-2- or 3-aldehydes, for example, 4, undergo a Re-catalyzed addition 
reaction of isocyanates at the positions adjacent to the imine function to give anilides, for 
example, 5, which can be hydrolyzed to the corresponding aldehydes [69]: 


4 H 
S 
wk [ReBr(CO)thf] nk 
TN + Ar-N=c=o0 —ReB(CO)stht, tN 
S*H 
4 
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An imine function in 3-position (like in 4) directs functionalization (probably via 
Re-coordination) regioselectively to the 2-position, in 2-imines to the 3-position. 

Acetylenes and acrylates show analogous Re-catalyzed hydroarylation reactions, 
but in lower yields. Overall, this method provides a transition metal-directed 
C-H-functionalization of thiophene aldehydes. 


(3) Addition reactions 


The palladium-catalyzed hydrogenation of thiophene yields thiolanes (tetrahydrothio- 
phenes). 

Thiophenes undergo Diets-ALper reactions, but their diene reactivity is lower than 
that of furans. The (4+ 2)-cycloaddition occurs, therefore, only with very reactive 
dienophiles (arynes and alkynes with acceptor substituents) or under high pressure 
(e.g., 8). 1,2-Disubstituted benzene derivatives 7 are formed with alkynes, as the primary 
Diets-ALpER adducts 6 eliminates sulfur: 


R 
a 
7 R 
7 


R =CN, COOR, Ph 


CH,Cl, 
pressure 


Thiophenes undergo cycloadditions across the C-2/C-3 bond, for example, 
(2+ 1)-cycloaddition with carbenes (+9) and (2+ 2)-cycloadditions with activated 
alkynes, as shown for the reaction of tetramethylthiophene with dicyanoacetylene under 
AICl;—catalysis (+10): 


+ CH,N,, Cu,Br. 
l \ ee Vv, 9 
—No 


Ss Ss 
CN CN 
K+) 8 ey 10 
° CN 


With 3-aminothiophenes (e.g., 11), which are potential enamines, (2 + 2)-cycloaddition 
at the C-2/C-3 bond of thiophene is considerably facilitated, occurring even below 0°C. 
The cycloadducts (e.g., 12) are converted thermally into 3-aminophthalic acid derivatives 


5.6 Thiophene |= 


(e.g., 14); this transformation is likely to occur with electrocyclic ring-opening of the 
cyclobutene ring in 12 via a thiepine (e.g., 13) and the extrusion of sulfur. 


Gy Oo 
\ yN 2» 7 N 
CH,OH © 
(E = COOCHs) Ci. 2 = fo ) —> | \ 
sy E Ss E sv og 
E E E 
15 16 17 


The solvent dependence of this cycloaddition is remarkable. The formation of 
12 requires an aprotic medium, whereas in a protic medium (e.g., CH30H), the 
thieno[2,3-b]-5,6,7,7a-tetrahydro-1H-pyrrolizine (17) is formed. As the rate of product 
formation is the same in both media, it is plausible that the same primary product 15 of 
a dipolar (2 + 2)-cycloaddition is formed first. The reaction then proceeds to give 12 in 
the nonpolar medium and 17 (via the ylide 16) in the polar medium [70]. 


(4) Ring-opening reactions 


Thiophenes are neither polymerized nor hydrolyzed by moderately concentrated 
BrOnstTED acids. Ring-opening demands special reagents; thus, phenyl magnesium 
bromide in the presence of dichlorobis(triphenylphosphane)nickel(II) transforms 
thiophene under desulfurization into 1,4-diphenylbuta-1,3-diene: 


2 PhMgBr, NiCI,(PPhs), 
l \ = pr \upp 


S) 


Another ring-opening reaction of thiophene is the reductive desulfurization with RANEY 
nickel in ethanol to give alkanes: 


IN. Raney nickel ae ae 


Raney nickel adsorbs hydrogen during its preparation, which effects the reduction. 

In an alternative reaction, hydrogen is used in the presence of molybdenum or tungsten 
as a catalyst. This hydrodesulfurization is of great industrial importance for the removal 
of thiophenes and other sulfur compounds from petroleum [71]. 
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(5) Oxidation 


Thiophenes are oxidized by peroxy acids to give thiophene 1-oxides (18), which can 
proceed further to thiophene 1,1-dioxides (19) [72]: 


ao —— mex _ RI ( 3 R2 


These compounds have a much stronger tendency than thiophene to undergo addition 
reactions. Thus, in the oxidation of thiophene with an excess of 3-chloroperoxybenzoic 
acid, the product 20 is formed. It results from a (4 + 2)-cycloaddition of thiophene-1-oxide 
to the C—2/C-3 bond of thiophene 1,1-dioxide. 


‘O— 
2 
20 


(6) Photoisomerization 
On irradiation of 2-phenylthiophene, 3-phenylthiophene is formed: 


H H H Ph A Ph H Ph 
~ . 
EN —- ol = IS. 
H” “s***Ph \ ‘i ASH H” ‘s* ~H 
Ss” oH H 
21 


By using *C-labeled compounds, it can be shown that the phenyl substituent remains 
bonded to the C-atom of the thiophene ring. Several mechanisms have been put forward 
to explain the photoisomerization of thiophene [73]. One suggestion postulates the 
intermediate formation of a cyclopropene-3-thiocarbaldehyde (21). 

Photoisomerizations of numerous substituted thiophenes, as well as of furans and 
pyrroles, are known. 

The retrosynthesis of thiophene can be worked out in principle by analogy to that of 
furan (see p. 71). On the basis of retroanalytical considerations, a number of syntheses 
for thiophene [74] can be deduced. 


(1) The simplest method is ‘“‘sulfurization’’ followed by cyclizing dehydration of 
1,4-dicarbonyl compounds 22 in analogy to the Paat-KNorr synthesis of furans. This 
cyclocondensation is carried out with P4Sj9 or H2S, and furnishes 2,5-disubstituted 
thiophenes (23) (Paal synthesis): 


——_ 
22 Al R2 ~2H,0 R! R2 23 


(exe) 
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(2) Butane and higher alkanes, as well as corresponding alkenes and 1,3-dienes, undergo 
a cyclodehydrogenation with sulfur in the gas phase, with the formation of thiophenes. 
Acetylene, as well as 1,3-diynes, also yield thiophenes with H2S under similar conditions: 


= 4S, 550°C H,S, 400 °C 
ee Me gy, a NN etc cH 
3 3 -3H,S Ss —H, 


(3) §-Chlorovinyl aldehydes (24) react with thioglycolates (or other thiols with a reactive 
methylene group) in the presence of pyridine to give thiophene-2-carboxylates (26) 
(Fiesselmann synthesis): 


Re DMF, Re? ee Re P 
CH, POCI, \ pyridine H 
Ao a Te tee: | aul 
HS 1 
a R' ’Scoor 
24 5 


R' *‘s* ~“COOR 


As primary step, a (formal) vinyl substitution of chlorine in 24 takes place consisting 

of MicHaet addition of thiolate and concomitant elimination of HCl. The intermediate 
25 cyclizes by intramolecular aldol condensation to give 26. B-Chlorovinyl aldehydes (24) 
are prepared from a-methylene ketones by reaction with DMF/POCI; (VILsMEIER-HAACK 
reaction). 
(4) a-Methylene aldehydes or ketones undergo cyclocondensation with cyanoacetic 
ester (or malononitrile) and sulfur in the presence of a secondary amine (e.g., 
morpholine, piperidine, diethylamine) to give 2-aminothiophene-3-carboxylates (29) 
(Gewald synthesis) [75]: 


RO  COOR COOR COOR 


| base PLAN S, base R! H 
# CHe: sag CN | ———~ F 
geri i =e CH> | CONN 
CN a R?“™sI 
R 
S) 
27 28 
R! COOR R' H coor (1) addition 
——_—___— + 
4 \ ae pee (2)+H 
R s° NH» R2“Ng“=NH 


Primarily, KNOEVENAGEL condensation of the carbonyl compound and the reactive 
methylene compound takes place to give the a,B-unsaturated nitriles 27, which are 
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sulfurized in the allyl position (probably base-catalyzed and with formation of thiolates 
28) and subsequently cyclized via the cyano group to the thiophene carboxylates 29. 

For the GEwALD synthesis, efficient variants by microwave acceleration [76, 77] or 
application of “green conditions” [78] have been elaborated. 
(5) 1,2-Dicarbonyl compounds cyclocondense with esters of 3-thiapentanedioic acid 
(30) under base catalysis (Hinsberg synthesis). This widely applicable and high-yield 
synthesis leads to thiophene-2,5-dicarboxylates (31) via twofold intramolecular aldol 
condensation with the CH groups of 30. Ester hydrolysis and decarboxylation may lead 
to 3,4-disubstituted thiophenes (32) [79]. 


R! R2 
Van R! R2 
He” He —~2H,O ROOC~\.~~COOR : Ke — 
ROOC7 ~~s—~’~coorR = 
30 31 


(6) 2-(N-Morpholino)-substituted thiophenes (34) are obtained from base-induced 
(K,CO3) cyclocondensation of thiomorpholides of type 33 and a-bromoketones [80]: 


Ar 5 Ar R? 
Lk “SC K,CO,, toluene, A I. 
ee 
1 
Gy Ss art — HBr, — HO cH Ss” OR 
33 lam 34 
SNT LN O A 
' | \/ —H,0 
Y 
Ar. Ox -R? Ar. Ox LR? Ar. HO R2 
X,, ° AB sda SAE 
Br __ up XN 1 
a © S R! r HBr N Ss R! ~ iS 4 R 
35 36 37 


This facile and efficient thiophene formation can be rationalized by primary S-alkylation 

of 33 to give the iminium cation 35 followed by deprotonation (HBr elimination) 
to the ketene-S,N-acetal 36, which cyclizes by intramolecular enamine addition to 
the carbonyl group (36-37); intermediate 37 aromatizes to the products 34 by H,O 
elimination. Thiomorpholides (33) are easily obtained by W1LLGERODT-KINDLER reaction 
of acetophenones with sulfur/morpholine [81]. 
(7) EWG-Activated 2-methylene dithioles (= cyclic ketene dithioacetals with 
electron-withdrawing substituents) 38 undergo a ring-opening reaction mediated by 
primary aliphatic amines to give polyfunctionalized 2-(alkylamino) thiophenes (40) after 
hydrolysis in a one-pot procedure [82]: 
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O 1 2 
R R R! R2 
R R2 2 R-NH, ZN H,O 
a 
| HN S N.n —R-NH, / \\ Oo 
Ss” “Ss R CH Le 
—_> \—/ 3 es . R CH3 
H,C 38 39 s+ R-NH, 40 
aie T HO Re ze 
+R 1 R : 2 
2 ba R Ke al vee RL H UR 
Sy ,eNHRO = a \UUN-R 
oes sZ~S HCH B Ss? 5 
41 CHs 42 43 CHs 


The formation of highly substituted thiophenes from 38 is likely to occur via attack of the 
first amine moiety at the dithiole position bearing a CH; substituent and ring-opening 
to give the dithiocarboxylate 41, which recyclizes via intramolecular enamine-B-C at- 
tack at the R’-CO-group (42) followed by elimination of HO (43). Then, by an 
addition-elimination sequence the second amine moiety replaces the dithiocarbonyl 
function to give the imine intermediate 39, which can be hydrolyzed to the products 
40. 


Thiophene, a colorless, water-insoluble liquid, with an odor like benzene, mp —38°C, 
bp 84°C, occurs in coal tar. It remains in the benzene fraction (benzene: bp 80°C) on 
distillation of coal tar, and can be removed by extraction with cold concentrated sulfuric 
acid (see p. 92). A solution of isatin (indole-2,3-dione) in concentrated sulfuric acid turns 
blue in the presence of thiophene (the indophenine reaction). This test is used to detect 
thiophene as an impurity in benzene. It was observed that when benzene is made by 
decarboxylation of benzoic acid, the indophenine reaction, which was originally thought 
to be caused by benzene, does not take place. This led to the discovery of thiophene by V. 
MEYER (1882) [83]. 

Thiophenes occur in fungi and some higher plants, for example, junipal (44) in the 
fungus Daedelia juniperina. A number of thiophenes have been isolated from compositae, 
for example, the 2,2’-bithienyl derivative 45 from the roots of Echinops spaerocephalus. 
Such compounds are nematocidal. 


no-c20-L cui (Me } C=C-CHz-CH=CH, 


44 : S" 45 


Many drugs are derived from thiophene [84]. Examples are the antihistamine methaphe- 
nilene (46, [2-(dimethylamino)ethyl]phenyl(2-thenyl)amine) and the anti-inflammatory 
tiaprofenic acid (47, 2-(5-benzoyl-2-thienyl)propionic acid): 


Ph H 
1 2 
s~ Cc C N(CHs)o wo SY 
H» Hp O CH, 
46 47 
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It is often observed that the pharmacological effect of a thienyl or thenyl substituent 
is the same as or similar to that of a phenyl or benzyl substituent. This phenomenon 
is known as bioisosterism [85]. Poly(thiophenes) can be used as electrically conducting 


polymers [86]. 


LE 


as 


Thiophenes are not very important as preparative intermediates. Chiefly, they are used 
in the synthesis of a saturated C, chain by reductive desulfurization. The synthesis of 
+)-muscone (48) from 3-methylthiophene serves as an example [87]. 


Me Me (1) KCN 
BuLi y \ Br—(CHp),9—B ae (2) H*, H,O 
> Li : (CHp)49-Br 
Ss I iS 2/10 
Me Mic OQ 
_ (CF,CO),0,H,PO, OQ, L \ Raney Ni | 4B 
g7 (CHs)49° COOH “ecu S) EIOH (H2C) 40 ie 
-H,0 (CH2)%0 


(+)-muscone 


Partial reductive desulfurizations are also successful with 3-methoxythiophenes. This 
reaction was utilized for the synthesis of pheromones [88]. 
The thiophene-1,1-dioxide derivatives 49 and 50 


Ss 
O° *O 
49 


“COO?tBu 


(@) (e) 
pas 
Ph Ph 


are used as reagents for the transfer of N-protective groups (49) and for the activation of 
carboxyl groups (50) in peptide synthesis [89]. Their use is illustrated by the synthesis of the 
protected dipeptide Boc-1-Phe-1-Val-OCH3 (52), which proceeds without racemization. 
The dipeptide 52 is prepared from Boc-protected 1-phenylalanine and t-valine methyl 


ester: 


oy aaa Li 


sor ae 


t 
C—O O 
COOH 
_ HN / 
nll Ph Ss Ph 
COO?Bu tBuOOC o% 
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The carboxyl activation proceeds via the enol ester 51; in this case, as well as in the 
transfer of the N-protecting group, the easily accessible heterocycle 53 (from which the 
two reagents 49/50 are prepared [90]) is formed. 


5.7 
Benzo[b]thiophene 


Benzo[bjthiophene, previously named thionaphthene, has the following spectroscopic 
data: 


UV (ethanol): A(nm) (2) 1H NMR (CCl,): 5(ppm) 13CNMR (CDCI3): 5 (ppm) 
227 (4.40) 289 (3.22) H-2: 7.33 H-6: (7.23) C-2: 126.2 C-6: 124.2 
249 (3.83) 296 (3.50) H-3: 7.23 H-7: (7.29) C-3: 123.8 C-7: 12 
258 (3.83) 265 (3.63) H-4: 7.72 C-4: 123.6 C-3a: 139.6 
H-5: 7.25 C-5: 124.1 C-7a: 139.7 


The NMR chemical shift values hardly differ from those of benzo[b]furan. 

Benzo[bjthiophene is somewhat less reactive in electrophilic substitutions than thio- 
phene, and also less reactive than benzo[b]furan. Moreover, regioselectivity is poor, 
giving rise to mixtures of substitution products. Frequently, the 3-position is attacked 
preferentially over the 2-position, for example, in halogenation, nitration, and acylation. 

Only the reaction with n-butyllithium is regioselective, giving 2-lithio benzo[b]thiophene. 

Benzo[b]thiophenes undergo photochemical (2+ 2)-cycloadditions; for instance, 
2,3-dimethyl-benzo[bjthiophene (1) with 1,2-dichloroethene (in the presence of 
benzophenone as sensitizer) leads to the tricyclic system 2: 


Me Me Cl 
s CG S Me 
1 2 


Oxidation of benzo[bjthiophene with peroxy acids gives rise to the 1,1-dioxide. 
For the synthesis of benzo[b|thiophenes [91] several methods are available, some of them 
in analogy to benzo[bjfurans (cf. p. 82). 
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(1) Thiophenolates can be S-alkylated by a-halocarbonyl compounds to give 
(a-arylthio)carbonyl compounds 3, which in the presence of ZnCl, undergo in- 
tramolecular hydroxyalkylation and subsequent H20 elimination to afford 3-substituted 
benzo[bjthiophenes (4), for example: 


Scope and applicability of this method is limited to systems of type 4, since the presence 
of phenyl substituents in 3 causes problems of regioselectivity in the SpAr ring closure. 
(2) (2-Mercaptophenyl) ketones (5) react with bromoacetates, bromoacetonitrile, or 
phenacylbromide in the presence of 2 equiv. of NaH in THF in a one-pot procedure to 
afford 2,3-disubstituted benzo[bjthiophenes (6) [92]: 


R! R! 
‘e) 2 NaH, THF 
ee SRP ER EE Sage eas 
SH —H,0 < 
5 6 
NaH | — NaBr R2=COOR,CN,COPh | 
‘ ee 
R! 
HO RI! 
oe . 
weeeeeee > 
S-CH,—R? SH 
7 8 


As in (1), thiophenolate formation and S-alkylation (+7) are the primary steps, 

followed by base-induced intramolecular aldol addition and HO elimination. The 
cyclization products 8 can be isolated in some cases (e.g., R = CN). 
(3) Benzosubstituted and in the heteroring unsubstituted benzo[bjthiophenes (15) 
can be prepared in a flexible synthesis starting from N,N-diethylbenzamides (9) [93]. 
The directed metalation of 9 to the o-lithioderivative 10 allows the introduction of 
a sulfur function by reaction of 10 with H;C-S—S-—CH; regioselectively to give 11. 
The SCH3-group in 11 is subjected to a second metalation (+12), which leads to an 
intramolecular acylation of the generated thiomethyl-Li compound by the adjacent 
amide function. The thioindoxyl 13 thus obtained is reduced with NaBH, to the carbinol 
14, which spontaneously eliminates HO to provide a benzo[bjthiophene 15. 
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Benzo[b]thiophene, colorless crystals, mp 32°C, bp 221°C, has a smell similar to that [D | 
of naphthalene. It is present in the naphthalene fraction of coal tar and can be prepared 

from sodium thiophenolate and bromoacetaldehyde diethyl acetal. Benzo[b|thiophene 
occurs in roasted coffee beans. 

Various pharmaceuticals and biocides are derived from benzo[bjthiophene, being 
bioisosteric with naphthalene and indole. Mobam (16, 4-(N-methylcarbamoyl)benzo[b]- 
thiophene) is an insecticide which is as effective as carbaryl (17). Both compounds inhibit 
the enzyme acetyl cholinesterase. 


O fe) 
ul Ul 
O-C—NHCH, O-C—NHCH3 H2C—COOH H2C—CH>—NH> 
1 oO oD 
Ss Ss Ss 
16 17 18 19 


Benzo[b]-3-thienylacetic acid (18) promotes plant growth, as does the corresponding 
indole compound. 3-(2-Aminoethyl)benzo[b]thiophene (19) has an even stronger action 
on the central nervous system than tryptamine. 

Several compounds which are known as thioindigo dyes are derived from 
benzo[bjthiophene. Thioindigo (21) itself is prepared from 2-sulfanylbenzoic acid via 
benzo[b|thiophen-3(2H)-one (20, thioindoxyl) by the following steps (FRIEDLAENDER, 
1905): 


—————$—$—— 
- HCl -H,0, - 
SH S~SCOOH Bas Ss 
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Thioindigo, a vat dye, forms red needles, and its vat is bright yellow. As a dye, it has 
a blue-red color. Thioindigo dyes were produced in large quantities until the 1950s, but 
since then they have become less important. 


5.8 
Benzo[c]thiophene 


This system lacks a benzene ring and has an o-quinoid structure. Unlike benzo{cjfuran, 
benzo[c|thiophene has been isolated. Its synthesis proceeded by the following route, 
starting from 1,2-bis(bromomethyl)benzene [94]: 


CHB inais [0] Al,O3, A = 
ee ‘Ss s=O: —_—_—__» S 
— 2 NaBr —H,O = 
CH,Br 


1,3-Dihydrobenzo[b]thiophene-2-oxide is heated in a sublimation apparatus with alu- 
minum oxide in vacuum, resulting in the sublimation of benzo[c|thiophene. The 
compound is isolated as colorless crystals of mp 53-55°C. It is thermally unstable 
and decomposes, even at —30°C under nitrogen, within a few days. Its stability is 
increased by substituents in the 1,3-positions as in the case of benzo[c|furan. 

1,3-Diphenylbenzo[c|thiophene, yellow needles, mp 118 °C, is thermally stable. Its solu- 
tion displays a green fluorescence. The compound can be prepared by ring transformation 
of 1,3-diphenyl-isobenzofuran with P4S1o in CS). 

1,3-Dichlorobenzo[c|thiophene, bright yellow crystals, mp 54°C, was prepared from 
phthaloyl dichloride [95]: 


O Cl Cl Cl 

COCI jas ¢ 7 . . 

C L ag 5 PCI, POCIs S wa é S 
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(4 + 2)-Cycloadditions are typical for benzo[c]thiophenes, for example: 


oo-6— oad 


Mixtures of endo- and exo-diastereomers are usually formed. The reactivity of 
1,3-diphenylbenzo[c]-thiophene in (4+ 2)-cycloadditions is distinctly lower than that 
of the corresponding benzo[c|furan. Acetylene dienophiles yield adducts which, on 
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heating, are converted into the corresponding substituted naphthalenes with loss of 
sulfur: 


ee Ph Ph 
eal COOEt COOEt 
—_ A 
s+ — C3 ar OO 
= coor 7% COOEt 
Ph COOEt Ph Ph 


5.9 
2,5-Dihydrothiophene 


The names A?-thiole and 3-thiole have previously been used for 2,5-dihydrothiophene. 
A general synthesis for 2,5-dihydrothiophenes with different substituents is based on 


the MicHaet addition of a-sulfanylcarbonyl compounds to vinyl phosphonium salts, 
followed by an intramolecular Wrttte reaction: 


1 6 

P*Ph3X- NE R R 
ma, "\ rn 
R? S” RA 


2,5-Dihydrothiophenes are oxidized to 1,1-dioxides by m-chloroperoxybenzoic acid. 
These compounds are also accessible by (4 + 1)-cycloaddition of 1,3-dienes and sulfur 
dioxide. For instance, butadiene reacts even at room temperature with liquid sulfur 
dioxide to give an adduct 2,5-dihydrothiophene-1,1-dioxide, commonly known by the 
trivial name 3-sulfolene: 


aX = 
L05 ——— 
a Oo 


Following Woopwarp, such conversions are called cheletropic reactions. The LUMO of 
the 1,3-diene surrounds the nonbonding electron pair of sulfur like the claws of a crab 
(Greek: chele). 

3-Sulfolenes are masked 1,3-dienes [96]. At about 150°C they undergo 
(4 + 1)-cycloreversion into 1,3-dienes and sulfur dioxide. As this is a thermal concerted 
reaction, this cycloreversion proceeds in a disrotatory manner according to the 
Woopwarp-HoFEMANN tules. Thus, a cis-2,5-disubstituted 3-sulfolene stereospecifically 
yields an (E,E£)-1,3-diene, while the trans-diastereomer gives an (E,Z)-1,3-diene: 
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For multistep syntheses that include a DieLs-ALDER reaction, corresponding 1,3-dienes 
are necessary. They can be prepared by the method described. In many cases, the 
1,3-diene is not isolated, but the DreLs-ALDER reaction is carried out with 3-sulfolene and 
dienophile in boiling xylene. 


5.10 
Thiolane 


The bond lengths in thiolane (tetrahydrothiophene) are the same as those in dialkyl 
sulfides. As in tetrahydrofuran (see p. 87), the ring is non-planar and conformationally 
flexible. The twist conformation is, however, preferred because of the larger heteroatom. 
The activation energy for pseudorotation is greater than that for tetrahydrofuran. The 
chemical shifts in the NMR spectrum correspond to those observed for cycloalkanes and 
dialkyl sulfides. 

Thiolanes behave like dialkyl sulfides. With haloalkanes or alcohols in the presence of 
BRONSTED acids, tertiary sulfonium salts are formed: 


2° @ 


R 


These compounds are good alkylation agents. Ring fission occurs with reactive methy- 
lene compounds, for example, malononitrile: 


©) 
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Further methylation, followed by the action of sodium ethoxide in ethanol, leads to 
substituted cyclopentanes. 


5.11 Selenophene 


Thiolanes can be oxidized to sulfoxides and subsequently to sulfones. 
The reaction of 1,4-dibromo- or 1,4-diiodoalkanes with sodium or potassium sulfide 
provides thiolanes in good yield: 


+ Na,S 
a 


Br Br — 2 NaBr Ss 


The ring transformation of tetrahydrofurans into thiolanes proceeds with hydrogen 
sulfide in the presence of aluminum oxide at 400°C: 


[\ H,S, Al,Og, A Ss 
SS 


Oo —H,O s 


Thiolane is a colorless, water-insoluble liquid of bp 121°C. It has a distinctive odor 
similar to that of town gas. In combination with other compounds, it is responsible for 
the typical odor of urine after consumption of asparagus. 

Thiolane 1,1-dioxide, known by the trivial name sulfolane, is obtained industrially 
by catalytic hydrogenation of 3-sulfolene. Sulfolane, colorless crystals, mp 27.5°C, bp 
285 °C, is water soluble. Sulfolane is a polar aprotic solvent and is used for the extraction 
of sulfur compounds from industrial gases and for the extraction of aromatic substances 
from pyrolysis fractions. It also serves as a solvent for cellulose acetate, polyvinyl chloride, 
polystyrene, and polyacrylonitrile. 


5.11 
Selenophene 


The selenophene molecule is planar. The chemical shifts in the NMR spectra are found 
in the region typical for aromatic compounds. 

For the synthesis of selenophenes [97], for example, a modified FIESSELMANN procedure 
(as established for thiophenes, cf. p. 97) can be used: 


R2 R2 R2 
Y as + Na,Se } CHO + BrCH,COOEt e 
R! — NaCl R! — NaBr, —- H,O 
cl SeNa aa Ai "ee CORE: 


Acetylene reacts at 350-370°C with selenium to produce selenophene. Ring inter- 
conversion of furan into selenophene occurs with hydrogen selenide over aluminum at 
400°C. 

Selenophene, a colorless liquid, which, in contrast to thiophene, has an unpleasant 
smell, has mp —38°C and bp 110°C and is insoluble in water. Selenophene undergoes 
electrophilic substitution reactions typical of furan and thiophene. It reacts faster than 
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thiophene but much more slowly than furan. Substitution occurs regioselectively in the 
2- or 2,5-positions. 

Tellurophenes have not been examined in great detail. Their synthesis is analogous 
to that described for selenophenes, but uses Na7Te instead of Na2Se. Tellurophenes are 
more sensitive toward acids than selenophenes or even thiophenes. 

Benzo[b]selenophenes and _ -tellurophenes, as well as the corresponding 
dibenzo-condensed systems, are known. 

Natural products derived from selenophene or tellurophene have so far not 
been discovered, which is in contrast to furan and thiophene. Selenophene 
proves to be bioisosteric with benzene, thiophene, and pyrrole, as in the case of 
2-amino-3-(benzo[b]selenophen-3-yl)propionic acid and the proteinogenic amino acid 
tryptophan: 


HyS—CH-COOH 
ANH 


Se 


5.12 
Pyrrole 


The univalent radical derived from pyrrole is known as pyrrolyl. All atoms of the pyrrole 
molecule lie in a plane and the ring forms an almost regular pentagon (see Figure 5.5). 

The ionization potential was found to be 8.23eV. The electron is derived from the 
HOMO, m3. The dipole moment is 1.58 D. In contrast to furan and thiophene, the 
heteroatom represents the positive end of the dipole. This could be due to the fact that 
the heteroatom in pyrrole possesses only one nonbonding electron pair, whereas in furan 
and thiophene, there are two. As for furan and thiophene, the chemical shifts in the 
NMR spectrum are to be found in the region typical for aromatic compounds: 


UV (ethanol): A (nm) (€) 1H NMR (CDCIs): 5 (ppm) 13€ NMR (CH2Cl,): 6 (ppm) 
210 (4.20) H-2/H-5: 6.68 C-2/C-5: 118.2 
H-3/H-4: 6.22 C-3/C-4: 109.2 
H 


| 99.6 


N.437.0 
a 
107.7 
ora [198° Figure 5.5 Structure of pyrrole (bond lengths in pm, bond 


141.7 angles in degrees). 


5.12 Pyrrole 


The chemical shift for the NH proton depends on the solvent used. 

Pyrrole is aromatic (see Figure 5.2, p. 62). Like furan and thiophene, it belongs to the 
m-electron excessive heterocycles because the electron density on each ring atom is greater 
than one: 


1.090 


C\ 1.087 


7 1.647 


An acceptable mean value for the empirical resonance energy of pyrrole would be 
100 kJ mol~’. The aromaticity of pyrrole is thus greater than that of furan but less than 
that of thiophene. The value of 22.2 kJ mol! for the Dewar resonance energy also fits 
this picture. If the extent of delocalization of the nonbonding electron pair is decisive 
for the aromaticity, then the grading of aromaticity, that is, furan < pyrrole < thiophene 
< benzene, is correctly reflected by Pauine’s electronegativity values for oxygen (3.5), 
nitrogen (3.0), and sulfur (2.5). 

The reactions of pyrrole are classified in analogy to furan and thiophene [98]. 


(1) Acid-base reactions 


The NH group lends to pyrrole the functionality of a base as well as that of an acid [99]. 
The basicity of pyrrole is very weak (pK, = —3.8 for the conjugated acid) compared to 
cyclic aliphatic amines (e.g., pyrrolidine, pK, = +11.3). This large difference is due to 
incorporation of the nonbonding N-electron pair into the 6-electron system of pyrrole. 
In principle, reversible proton addition to pyrrole may occur at all positions, but leads to 
cations of different thermodynamic stability: 


e) H 
+H = H H 
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NX ~ 0 "N’ @N @N 
4 H H H H 
1 a 3 
1H-pyrrolium 2H-pyrrolium 3H-pyrrolium 
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As a consequence of the different mesomeric stabilization of the positive charge in the 
cations 1-3, pyrrole is C-protonated to an extent of 80% on C-2 and 20% at C-3. The 
iminium cations 2/3 are very reactive electrophiles toward the m-excessive pyrrole system 
and therefore responsible for its rapid polymerization in acid media. 

The presence of alkyl substituents in pyrroles leads to a strong increase of basicity. Thus, 
2,3,4,5-tetramethylpyrrole (4) shows a pK, of +3.7 (due to the inductive stabilization of 
its conjugate acid 5 by the CH; groups) and is almost completely protonated on C-2 in 
aqueous 1 N HCI: 
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Like secondary amines, pyrrole proves to be a (weak) NH acid with pK, about 17.5 (for 
comparison: pyrrolidine pK, about 25). Therefore, pyrrole is N-deprotonated by alkali 
metals (Na, K), strong bases (like NaH and NaNHp), or organometallics (like lithium 
organyls or GRIGNARD compounds) to give salt-like pyrrolyl metal compounds 6, for 
example: 


The pyrrolyl anion in 6 is a typical ambident anion, that is, it can be attacked by 
electrophiles on N or on C. If the counterion favors an N-coordinated ion-pair (e.g., 
Mt = MgX), C-attack dominates (at C-2 and C-3, preferentially at C-2); if the counter-ion 
is not N-coordinated and more strongly solvated (e.g., Mt = Li, Na, especially K), N-attack 
dominates. 


(2) Electrophilic substitution on carbon 


Pyrrole reacts in S;Ar reactions about 10° faster than furan under comparable conditions. 
This is in spite of the fact that the resonance energy of pyrrole is greater than that of 
furan; pyrrole should, therefore, react more slowly. This discrepancy can be explained 
by considering the mechanism for electrophilic substitution (as formulated for furan 
on p. 63). In the case of pyrrole, it can be postulated that the o-complex for attack of 
the electrophile E* in the 2-position is especially stabilized by a carbenium-iminium 
mesomerism: 


® 
UH as el le! ae Gh" 
E NE N 


N 
H Hw: 


As a consequence, AH* for the rate-determining step could become lower than that for 
furan (see Figure 5.6). On the other hand, differences in the stability of the 1-complexes 
could also influence AH*. 

Regioselectivity depends on whether the reactions are carried out in solution (as 
described in the following examples) or in the gas phase [100]. In general, in most SgAr 
reactions, pyrrole is preferentially attacked at the «-position. 
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pyrrole 


Figure 5.6 Energy profile of the formation of the m- and o-complex in the electrophilic substitu- 
tion of furan and pyrrole. 


(a) Halogenation of pyrrole occurs readily. 
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2-Monohalogenation or 2,5-dihalogenation are possible under controlled conditions 
with NCS or NBS catalyzed by SnCl, [101]; excess of NCS/NBS, SO2Cl:, or aqueous 
NOCI/Br2 in EtOH/KI in the presence of HO lead to the tetrahalogenated systems. 

Nitration of pyrrole with HNO3/acetic anhydride yields 2-nitropyrrole as the main 
product. 

Sulfonation of pyrrole with pyridine-SO3-complex leads mainly to pyrrole-3-sulfonic 
acid. This is in contrast to earlier reports, which claim the formation of the 2-sulfonic 
acid; the same is due to N-methylpyrrole [102]. 

An alteration of the directing effect for SgAr is observed when (1-triisopropylsilyl) 
pyrrole (7) is subjected to halogenation and nitration [103]: 
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In both cases, the N-silylated pyrrole undergoes substitution in 3-position 
regioselectively, presumably through blocking of the 2-position by the bulky 
substituent. N-Desilylation can be accomplished by means of [nBu4sN]F. The silyl 
compound 7 is easily accessible from N-pyrrolyl-Li (obtained from pyrrole and nBuLi) 
and (iPr)3Si-Cl. 
(b) Alkylation of pyrrole proves to be problematic, since (a) the conventional Lewis acid 
catalysts initiate polymerization and (b) C-alkylation of the pyrrolyl anion (cf. p. 115) in 
general leads to mixtures of alkylation products. Therefore, special methods have to be 
used (cf. p. 115). 

For acylation of pyrrole, several methods can be applied. 


(i) Reactive anhydrides or acid chlorides react with pyrrole without assistance of a 
catalyst to give acylation products, for example, 8: 


F,CCO),0 
[ \ (FsCCO), i CF, 8 
N ~ F,CCOOH N 


H H O 


Since the trifluoroacetylation is likewise possible with furan and thiophene under 
comparable conditions, the relative reactivities have been evaluated. Pyrrole exhibits the 
highest relative reactivity in the furan group [104]. 


Pyrrole: Relative rate = 5.3 x 107 
Furan: Relative rate = 1.4 x 107 
Thiophene: Relative rate = 1 


(ii) In the Housen-Hoescu acylation, nitriles react with pyrroles in the presence of 
HCl to give 2-acylpyrroles (11): 
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(iii) Inthe VitsmErER formylation, pyrroles are reacted with DMF/POC1, to give pyrrole 
aldehydes, for example, 14: 


© fC) 
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In both reactions (ii) and (iii), electrophiles of the type 9/12 are responsible for the 

formation of (2-pyrrolyl)iminium ions 10/13 as primary substitution products, which 
furnish the 2-acylpyrroles (11/14) after hydrolysis. 
(iv) If pyrrole carries an electron-attracting N-substituent like in (1-phenylsulfonyl) 
pyrrole (16), acylation requires catalysis by a Lewis acid. Depending on choice of the cat- 
alyst and the particular acylation agent, different regioselectivities (2-substitution (15) 
with BF;, 3-substitution (+17) with AICl;) are observed, for example, in acetylation: 


Ac,0, CO-CH; 
CW BF,-etherate i AcCl, AICI, / 
<—_— ey 
N CO-CH; N N 
SO,Ph SOsPh SO.Ph 
15 16 17 


In general, weaker Lewis acids favor 2-substitution. Removal of the phenylsulfonyl 
group is accomplished by means of NaOH/H20. 


(c) The high reactivity of pyrrole toward electrophiles is demonstrated by its substitution 
reaction with diazonium ions, which is which is not observed for furan and thiophene, 
for example: 


Po Ow. Ban 
H -H i 
SO H 


(d) Pyrroles undergo hydroxyalkylation in the 2-position with aldehydes and ketones in 
the presence of acids. In the case of 2-methylpyrrole (or other pyrroles with one free 
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a-position), the primary products 18 (as “heterobenzylalcohols’’) undergo alkylation of a 
second pyrrole moiety to give (via intermediate 19) dipyrrolylmethanes (22): 
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In the case of aldehydes (R! = H), the dipyrrolylmethanes 22 are susceptible to 
oxidation (e.g., with FeCl;) to give the intensely colored azafulvene derivatives 21, which 
can be protonated by acids to render the symmetrically delocalized salts of the cyanine 
type 20. 

With (4-dimethylamino)benzaldehyde (EHRLICH’s reagent), pyrroles with one free 
a-position give the purple azafulvenium salt 23: 


Ahn Oty — yt} 


N(CH), 


The reaction of pyrroles with two free a-positions with aldehydes occurs between four 
molecules of aldehyde and four pyrroles and leads to cyclic condensation products (which 
is the basis of a simple porphyrin synthesis, cf. p. 553). Acetone reacts in a similar 
manner with four pyrrole units to give a cyclic tetramer 24 directly in high yield by a 
hydroxyalkylation/alkylation sequence [105]: 


Gy + =o i\ “OY ,+Ht 


N 
- HsO H OH = FILO 
+2 l \ 42-0, +24" / \ 
N 
H N 
24 < H 
-2H,0 HN > 
88 % = 
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Probably, the geminal methyl groups at the pyrrole-connecting carbons favor the 
formation of a cyclic geometry rather than that of a linear oligomer. 


(3) Electrophilic substitution on nitrogen 


Pyrrolyl-Li, -Na, and -K give 1-substituted pyrroles with haloalkanes, acyl halides, sulfonyl 
halides, chlorotrialkylsilanes, and chlorotrialkylstannanes. Pyrrole itself (and likewise 
indole) can be directly alkylated, acylated, or sulfonylated on nitrogen using [BMIM]OH 
as catalyst and “green” solvent [106]. 

(1-Phenylsulfonyl)pyrrole and (1-trialkylsilyl)pyrroles undergo electrophilic substitu- 
tion reactions in the 3-position (cf. p. 112, 113). 

As already mentioned (cf. p. 110), pyrrole is metalated in the 1-position. If this position 
is blocked by alkyl or SO2Ar substituents, metalation occurs (as in the case of furan and 
thiophene, cf. p. 66 and 92) regioselectively in the 2-position, as shown for lithiation of 
N-methylpyrrole and magnesiation of N-phenylsulfonylpyrrole [107]: 


Cv nBuLi C\ ee C\ 


N H N* SLi —— N R 
CHg CH; CHg 
25 26 
R = alkyl, allyl, acyl, SiMe 
iPrMgCl 
U \ (iPr),NH OW +R-X CW 
N H —————> N MgCl a N R 
I 1 I 
SO,Ph SO».Ph SO.Ph 
27 28 


The a-C-metalated products 25/27 are useful for the directed synthesis of 2-substituted 
pyrroles 26 and 28 by reaction with electrophilic substrates (e.g., R-X, as given in the 
scheme). 


(4) Addition reactions 


(a) Hydrogenation of pyrroles to pyrrolidines by Raney nickel proceeds only under 
pressure and at high temperatures. 

(b) Autoxidation of pyrroles, as well as oxidation with hydrogen peroxide, can be 
considered as an addition reaction. Attack of O2 or H2O) occurs first at the 2-position and 
then at the 5-position, resulting finally in the formation of maleimide or N-substituted 


maleimide: 
/ \ — _ 
De es 
R 


R R 
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(c) Cycloadditions: The high reactivity of pyrrole toward electrophiles is the reason why 
the reaction with maleic anhydride does not result in a Diets-ALDER addition but in an 
electrophilic substitution to give 29: 


lA\ — r FaYH i \ 
Y 5B | ot — FD 
H H \ H 

OF gg" 0 oA, oAo~So 


This reaction can also be regarded as a M1cHAEL addition of pyrrole to maleic anhydride. 
Some N-substituted pyrroles, however, undergo a (4 + 2)-cycloaddition with acetylene 
dienophiles, for example, 1-(ethoxycarbonyl)pyrrole with acetylene dicarboxylic ester 


(30) [108]: 
COOEt y-COOEt 
“XN , | ss ayo 
N 
GOOEt COOEt COOEt 


Among the (2+ 2)-cycloadditions, the PATERNO-BUcHI reaction (see p. 46) with 
pyrroles has been investigated. The pyrrole-derived oxetanes may isomerize to give 
3-(hydroxyalkyl) pyrroles under the reaction conditions, for example: 


H3C. 


; O 


CH, 


A well-established cycloaddition of pyrroles is the (2 + 1)-cycloaddition with dichloro- 
carbene. This is in competition with the REIMER-TIEMANN formylation: 


=H 
. i on ON 

[| ONT ei N* “CHCL = CHO 
Ho ° H 


Oo +ICCl, i) 
N 7Cl 
. Cy Cl ei ° 


Under strongly basic conditions (generation of dichlorocarbene from chloroform and 
potassium hydroxide), electrophilic substitution of pyrrole by dichlorocarbene dominates, 
leading to 2-dichloromethylpyrrole and (after hydrolysis) to pyrrole-2-carbaldehyde. In a 
weakly basic medium (generation of dichlorocarbene by heating sodium trichloroacetate), 
the (2 + 1)-cycloaddition dominates; the primary product 31 eliminates hydrogen chloride 
to give 3-chloropyridine. 
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(5) Ring-opening reactions 


The opening of the pyrrole ring leads to clean reactions in only a few cases, because 
BRONSTED as well as Lewis acids initiate polymerization, and strong bases cause only salt 
formation. 

Hydroxylamine hydrochloride and sodium carbonate in ethanol with pyrroles lead to 
dioximes of 1,4-dicarbonyl compounds [109], for example, 2,5-dimethyl-N-alkylpyrroles 
give the dioxime of hexane-2,5-dione (32) and primary amines R-NH): 


A \. HyNOH-HCI I ANE 
Me~ ~N* ~Me + 2Hoe e —2 NaCl, — H,O, S00; AW * 
32 NOH 


Concerning its retrosynthesis pyrrole exhibits the functionality of a twofold enamine and 
can, therefore, be dissected retroanalytically in two directions (I and II) analogously to 

furan (see Figure 5.7). Route I (after retrosynthetic operations of an enamine hydrol- 

ysis a—c) leads to 1,4-dicarbonyl compounds 37 as potential starting materials, which 
should produce pyrroles by cyclocondensation with NH3. When the y-keto enamine 

(33) is disconnected according to step d, the reversal of an enamine alkylation suggests 
a-halocarbonyl compounds 34 and enamines 35 as alternative starting materials: 

Route II leads (after H2O addition and enamine hydrolysis e/f) to the y-amino aldol 
intermediate 36. Retro-aldol reaction may follow (retroanalysis step g) resulting in the 
formation of a-amino carbonyl compounds 38 and methylene ketones 37 as possible 
starting materials for pyrrole synthesis. 

The synthesis of pyrroles has been comprehensively reviewed [110]. 


(1) When 1,4-dicarbonyl compounds are treated with ammonia or primary amines (or 
with ammonium or alkylammonium salts) in ethanol or acetic acid, 2,5-disubstituted or 
1,2,5-trisubstituted pyrroles (40) are obtained (PAAt-KNorR synthesis). This synthesis is 
universally applicable. 


route | route II 
ere cccceseces x OH 
+ H,O +H,0 
oN N 
Ho’ N @i NV. © ou N 


Figure 5.7 Retrosynthesis of pyrrole. 
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fone) —2H,0 REN” *R? 
ore R 40 (R =H, alkyl, aryl) 
i es ee ; 
Pl at yt Nay PS IW NNW Nay | errno? 
HO" “N° ‘OH | -H,0 Rv N" °OH |" =4,0 
R R 
M1 42 


In the primary step, a double hemiaminal (41) is formed, which furnishes the 

pyrrole system by stepwise H2O-elimination via enamine 42 [111]. For the synthesis 
of trisubstituted pyrroles of type 40, Co(II) chloride [112] or montmorillonite under 
solvent-free conditions [113] proved to be very effective catalysts. 
(2) In a three-component cyclocondensation, a-halocarbonyl compounds react 
with f-ketoesters (or f-diketones) and ammonia or primary amines to give 
pyrrole-3-carboxylates (or 3-acylpyrroles), which are substituted either in 1,2,4- or in 
1,2,5-position, for example, 43/45 (HANTzscH synthesis): 


O COOR' COOR' 
NH 
X + 12 + cs j \ 
ait ‘i Sag 
R Oo Ri ~2H,0 R! N R2 
R 
eo 6 
mae C-alkylation er 
and cyclization _.----"~” 
x COOR' go R! CooR' 
a car) andcyclization ae ; Re 


Primarily, the 6-dicarbonyl compound reacts with ammonia or the primary amine 
to give the B-enamino ester 44 (or, in the B-diketone case, an enaminone), which 
can be either C-alkylated or N-alkylated by the a-halocarbonyl compound and finally 
cyclodehydrated to give 43 or 45. 

(3) o«-Aminoketones undergo cyclocondensation with B-ketoesters (or B-diketones) to 
give pyrrole-3-carboxylates (or 3-acylpyrroles) 46 (KNorR synthesis), for example: 


R! Oo COOR' R! COOR' 
be - L -2H,0 pac 3 
R?°~NH, O07 >R? : aes a 
H 
46 
RCO coor’ ai Pht COOr ; 
tennnen- > | ones -—H,0 
=H / 2 
20 R2 N%} R? R2 NZ R3 a 7 
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As in (2), the KNorr synthesis proceeds via B-enaminone intermediates 47 and their 
cyclization to 48 [114]. Frequently, the required a-aminoketones are not employed as 
such (due to their instability) but generated in situ by reduction of a-oximino ketones or 
a-phenylhydrazono ketones 49/50 [115]: 


RL_O RL_O RL_O 
¥4 49 or 50 ae H reduction Tt 
aS aos -N, 2 

Ri N-OH R N Ph R NH» 


For both the HantzscH and Knorr syntheses of pyrroles, modifications have been 
elaborated [116]. 
(4) 3-Substituted pyrrole-2-carboxylic esters 53 are synthesized from N-tolylsulfonyl 
glycine ester 51 and vinyl ketones (KENNER synthesis) [117]. 


R 


R R 
; i (1) POCI, 
;* ie (2) R'ONa l/ { 
* | ——— “NN "COOR ~— > >i" “GOR 
HN~Tos Tos a 
51 52 53 


Primarily, MicHart addition and intramolecular aldol addition gives rise to 
pyrrolidine-2-carboxylic esters 52, which are converted into pyrrole-2-carboxylates 53 by 
successive H20 and sulfinic acid eliminations. 

(5) 3,4-Disubstituted pyrroles are important building blocks for porphyrin synthesis (cf. 
p. 553). With two equal 3,4-substituents, they can be straightforwardly obtained by the 
Prtoty-ROBINSON synthesis [118]; of higher flexibility are isocyanide-based methods like 
the BARTON-ZARD synthesis [119] and the VAN LEUSEN synthesis [120]. 

(a) In the Pitory-RoBinson synthesis, an alkanal is subsequently reacted with hydrazine 
hydrate and an aroyl chloride in the presence of pyridine giving rise to N-aroyl pyrroles 
54, which are converted to pyrroles 55 by NaOH/EtOH: 


Oo (a) 0.5 equiv. NjH,-H,O R R R R 
Ro (b) 2.1 equiv. Ar-COCI, pyridine j { NaOH/EtOH I \ 

> ————_ > 

. A microwave irradiation 7 N i 

{1/2 HyN— NH, oa 55 

Y 

= ' 
—Ar ' 
R y N—N . R 56 NH, 


O Oo Oo Ar Ar 
ak Ar—X Sear o=X FO 
eer eee N—N eee - . 
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Primary products are the symmetrical aldazines 56. Their N-acylation leads to 
the bis(N-acyl)enamines 57, which undergo thermal [3,3]-sigmatropic rearrangement 
(‘‘bis-aza-CorE rearrangement’) to give the bis-(N-acyl)imines 58; cyclization of 58 leads 
to the N-acylpyrroles 54 by elimination of benzamide. 

(b) In the Barton-Zarp synthesis, 5-unsubstituted 3,4-disubstituted pyrrole-2-carboxyl- 
ates 59 are obtained from nitroalkenes and isocyanoacetates in the presence of a 
base: 


R! R2 R! R2 
\=/ a IC=N base 
O.N ~ coor —HNO, / \ 59 
a i Pos N° ~COOR 
ae H 
base 
Da Su te el a e (1) NaOH 
+ Pg 
“i (1) +Ht (2) H,0, H* 
Y (2) HNO, (3) A, - CO, 
(3) tautomerization 
R' pe 1 2 
ON L es 7 an R! R2 R R 
) . au / \ 
7 COOR | 
IC=N ‘vf coor N 
61 62 60 


This cyclocondensation is thought to proceed via MicHaet addition of deprotonated 
isocyanoacetate to the nitroalkene, intramolecular trapping of the resulting nitronate 61 
by the isocyanide functionality (61 — 62) followed by reprotonation, HNO>-elimination, 
and tautomerization of the resulting 2H-pyrrole to the 1H-pyrrole 59. On saponification 
and thermal decarboxylation, the 3,4-disubstituted pyrrole 60 is obtained. 

(c) In the van Leusen synthesis, (tosylmethyl)isocyanide (TosMIC) is cyclocondensed with 
acceptor-substituted alkenes (R? = alkyl, aryl, OR) in the presence of a strong base to 
give 3-acyl or 3-carbalkoxy-substituted pyrroles 63: 


O 
R! 
Riza R? base R? 
Te 7 Ts-—CH»—N=Cl —Seon // \ 
; O a N 
: oo 7 63 
base Michael addition H 
i HE : 
: ' + tautomerization 
a fe) 
O 
R! Fe (1) cyclization Rio 2 4H 
70 @+Ht i R R? 
porcorcsncsnecnes > Ts ie aiolataiolalana 
Ts ue NZ H -TsOH ys H 
64 65 66 


The van Leusen synthesis can be rationalized by a mechanism similar to that of the 
BarRTON-ZARD process in (b) and should involve intermediates 64-66. Furthermore, 
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pyrrole formation can be combined with a sequential ligand-mediated Cu-catalyzed 
N-arylation with Ar—X (in the presence of Cs,;CO3/NaOtBu, Cul/MeNH-(CH2)3-NHMe) 
in a one-pot procedure [121]. 2,3,4-Trisubstituted pyrroles are obtained by base-promoted 
cyclizing addition of substituted methyl isocyanides to acceptor-substituted alkynes [122]. 
(6) N-Propargylic B-enaminones 67 are cyclized in the presence of Cs7CO3 to give 3-acyl 
substituted pyrroles 68 [123]: 


RI Ar . 
Cs,CO RI " 
ole cag 
| -s 
2 
R N \ 
A 
i | 
hot AS 
Y! : 
Fh i So fg O H 
) ? 
oH tase eee sue. cel At 
Baeeee ee > 
SNS -Ht os R2 ~ “a 
R? R2°SN N 
69 ¥A 7 


Pyrrole formation from 67 is likely to occur via deprotonation of the imine tautomer 
69 and 5-exo-dig cyclization of the anion 70 to give the pyrrole precursor 71, whose 
tautomerization leads to the product 68. 

CuBr efficiently catalyses an alternative reaction pathway of 67, namely a 6-endo-dig 
cyclization to give pyridine derivatives. 

The enaminones 67 are readily prepared via Sonogashira coupling of terminal alkynes 
with acid chlorides, followed by conjugate addition of propargylamine and further 
Sonogashira coupling with aryl iodides: 


NH, 


oO 
PACI(PPh,)2, OR! Nc Ar-l, PdCI,(PPh,)>, 
] N Rt Cul, DIPEA 
R2 


H 
O 

| 5 Rix Cul, Et,N ig 
Cl 

R2 


oN 
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(7) 1,3-Dipolar components are frequently utilized for pyrrole synthesis (cf. also p. 175), 
as shown by some characteristic examples. 

(a) a-Iminoesters 72 undergo Cu(II)-catalyzed 1,3-dipolar cycloaddition to 
trans-1,2-bis(phenylsulfonyl)ethene (73) in the presence of triethylamine,  fol- 
lowed by twofold in-situ elimination of the sulfone moieties in the primary adduct 74 
with DBU to give 5-substituted pyrrole-2-carboxylates 75 [124]: 
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H 
aie Seoon: <——. . <> 2 8 
| R~SNScoor' R~~N~ coor’ 
72 1,2-prototropic shift H 
7 ® azomethine ylide 
Ph-SO, 
SO,Ph 
73 


PhO.S SO>Ph 


1,3 dipolar cycloaddition DEE 4. AN 
*™ R7*N* ~COOR' -2PhSO,H = R N COOR' 
H 


74 75 


(b) In a four-component process, imines of aromatic aldehydes, acid chlorides, 
and dimethyl acetylene dicarboxylate (ADE) combine to give N-substituted 
pyrrole-3,4-dicarboxylates 76 mediated by cyclohexyl isocyanide [125]: 


fe) Cy—NC E E 
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As a mechanism, primarily formation of an N-acyliminium salt 77 is suggested, 
followed by (4 + 1)-cycloaddition of the isonitrile auxiliary to give 78. Next, the iminium 
ion 78 is deprotonated to the cyclic azomethine ylide 79 (a mesoionic system analogous to 
Miinchnones (cf. p. 175)), which undergoes 1,3-dipolar cycloaddition with ADE. Finally, 
the cycloadduct 80 collapses with extrusion of cyclohexyl cyanate and formation of the 
pyrrole 76. 

(c) Ina procedure closely related to (b), arylimines, acid chlorides, and EWG-substituted 
acetylenes give polysubstituted pyrroles 82 mediated by the phosphonite 81 derived from 
catechol (a reagent of the Wirric type) [126]: 


5.12 Pyrrole 


Ar Nv 4 R? + R°—=—R* Missehesteee 1N- R 
a peu AI “NTR? apo RNY 
: : | R2 R* 
bo eetesamncace R! 
82 86 
Y 
H oO : 
RsP RP—O 
BU ® a RY 
ash ge J oversees > achyt ee Cl ee oP AS NOS Re eh osm eaar 
=H 
R! R! R! 
83 84 85 


The phosphonite 81 was shown to render a phosphonium salt 84 by interaction 
with the primarily obtained N-acyliminium salt 83. Deprotonation transformed 84 to 
the oxaphospholidine 85, which undergoes 1,3-dipolar cycloaddition with the activated 
alkyne; elimination of phosphonate from the adduct 86 gives rise to the pyrrole system 
82. In contrast to Mtinchnones (cf. p. 175), the mesoionic 1,3-dipoles of type 85 show 
high regioselectivity in the cycloaddition process. 

(8) Numerous approaches to highly functionalized pyrroles are mediated by 
transition-metal catalysis, as the following examples may illustrate. 

(a) In a one-pot MCR catalyzed by a_ phosphanylferrocene Ru(II)-complex, 
aryl-substituted secondary propargyl alcohols 87, 1,3-dicarbonyl compounds, and 
primary aromatic amines are transformed in the presence of CF;COOH to fully 
substituted pyrroles 88 [127], for example: 


OH Rui(Il)cat. Ark COOR 
oS « Ar=NH CF,COOH . 
Ar! Aw * AP 2 


87 Ar? 
i CF,;COOH 88 
; A. 
Y -— 
1 Y 
9 oO 
OQ CHs & 
OR 2 H 
ZA Ar 1 
Ar? —NH, RO NH Ru(ll)cat Ar OR 
Ar! oe > F P eee > \ 
ar OSS N* ~CH, 
89 90 Ar2 


This MCR domino process involves initial CF; COOH-promoted propargylation of the 
1,3-dicarbonyl system and subsequent condensation between the resulting y-ketoalkyne 
89 and the primary amine to afford the propargylated B-enaminoester 90, which undergoes 
an Ru-catalyzed 5-exo-dig annulation to form the cyclic enamine 91, finally tautomerizing 
to the pyrrole 88. 
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An analogous propargylation/amination/cycloisomerization sequence with pyrrole 
formation was established for propargylic alcohols 92, 1,3-dicarbonyl compounds and 
primary amines with catalysis of In(II) chloride [128]. 


fe) 
Ph 
OH Go © aca InCl, rr R2 
rs + R®-NHp ———> 44 
owe Are N* ~CH, 
I 
go «=COF R 


(b) B-Ketoester-derived propargyl enol ethers 93 and primary aromatic amines are 
efficiently converted to pentasubstituted pyrroles 94 in a reaction cascade catalyzed by 
Ag(I) and Au(I) [129]: 


R' oO (1) Ag(SbF) EtOOC = RF? 
Ak (2) Ar-NH) 
12) OEt (3) (Ph3P)AuCl i} \ 
> 1 
<< R N CH3 
R2 Ar 
93 94 
; Ast r 
1 1 
ee} RO Au(l) 
Oo Cer See. AUN SOE cs 
Re —H,0 ne 
95 96 


This sequence is thought to proceed through (1) Ag(I)-catalyzed propargyl-CLaIsEN 
rearrangement to produce allenic ketoesters 95, (2) condensation of 95 with the primary 
amine to give allenic S-enaminoesters 96, and (3) Au(I)-catalyzed 5-endo-dig cyclization 
of 96 to the 2-methylpyrrole-4-carboxylate 94. 


Pyrrole was first isolated from bone oil; it also occurs in coal tar and can be prepared 
by the dry distillation of the ammonium salt of p-galactaric acid (mucic acid; see p. 78). 
Pyrrole is a colorless liquid with a characteristic odor reminiscent of chloroform, of mp 
24°C and bp 131°C. It is slightly soluble in water and turns brown quickly in air. 

The pyrrole ring, although not very common in nature, occurs in some very important 
natural products. A few antibiotics contain a pyrrole ring, one of the simplest being 
pyrrolnitrin (97): 

Cl 
Cl 
/ \ 


97 


xIz 
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The biologically important tetrapyrroles contain four pyrrole rings, which are linked by 
CH) or CH bridges. One differentiates between linear tetrapyrroles (bilirubinoids) and 
cyclic tetrapyrroles (porphyrins and corrins). 

Bilirubinoids are colored compounds occurring in vertebrates, in some invertebrates, 
and even in algae. They are formed by the biological oxidation of porphyrins. The most 
important representative is the orange-colored bilirubin (98). It occurs in the bile and 
in gallstones and is excreted in the feces and in urine. Bilirubin was first isolated by 
STAEDELER (1864) and can be purified via its crystalline ammonium salt. It is oxidized to 
blue-green biliverdin (99) by iron(II) chloride: 


HOOC COOH HOOC COOH 


98: bilirubin (biladiene) 99: biliverdine (bilin) 


The corresponding unsubstituted compounds are known as biladiene and bilin [130]. 
Porphyrins and corrins are discussed in Section 8.3. 

A number of pharmaceuticals are derived from pyrrole, for example, the analgesic 
and anti-inflammatory zomepirac (100, 5-(4-chlorobenzoyl)-1,4-dimethyl pyrrol-2-yl acetic 
acid): 


Cl Me 


/ \ 
N CH»,—-COOH 
fe) l 


Me 
100 


Polymers and copolymers of pyrrole are used as organic conductors for special 
purposes, for example, in photovoltaic cells [131]. 


5.13 
Indole 


Three benzanelated systems can be derived from pyrrole: 
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benzof[a]pyrrole benzo[b]pyrrole —benzo[c]pyrrole 
indolizine indole isoindole 


By far most important is benzo[b]pyrrole, known under the trivial name indole. The 
univalent radical is called indolyl. 
The UV and NMR data of indole are given in the table below: 


UV (ethanol): A(nm) (2) 1H NMR (acetone-dg): 5(ppm) 13CNMR (CDCl): (ppm) 
216 (4.54) 276 (3.76) H-1:10.12 -H-5: 7.0 C-2:123.7. C-6: 119.0 
266 (3.76) 278 (3.76) H-2: 7.27 H-6: 7.08 C-3:101.8  C-7: 110.4 
270 (3.77) 287 (3.68) H-3: 6.45 H-7: 7.40 C-4:119.9  C-3a: 127.0 
H-4: 7.55 C-5: 121.1 C-7a: 134.8 


Indoles are less reactive than pyrroles. The following reactions are characteristic for the 
chemical behavior of indole. 


(1) Acid-base reactions 


The basicity of indole with a pK, = 3.50 corresponds approximately to that of pyrrole. 
H-D-exchange experiments show that protonation occurs most rapidly at N; how- 
ever, since the N-protonated and the 2-protonated cations are thermodynamically less 
stabilized, protonation of indole occurs mainly on C-3 forming the more stabilized 
3H-indolium ion (1) which retains full benzene aromaticity and delocalizes the positive 
charge with N-participation: 


HOH 
N +H* + indole i 
aa No } ae = oligomers 
N oH N No 
H H H 


Since the iminium ion 1 is a strong electrophile, indole form oligomers in acidic 
media. 

With a pK,-value of 16.97, indole is a very weak NH-acid similar to pyrrole. Therefore, 
indole is deprotonated by NaNH) in liquid NH3, by NaH and by organometallics like 
RMgxX and RLi forming 1-metalated indoles 2, for example: 


CO +R-Li CO 
N -R-H N Li® 
H c) 
2 
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(2) Electrophilic substitution on carbon 


In most SgAr processes, indole reacts more slowly than pyrrole, but faster than 
benzo[b]furan. In contrast to pyrrole, substitution occurs in the 3-position.This might be 
due to different o-complex stabilization: Attack of the electrophile (E*) on the 3-position 
leads to a low-energy iminium structure 3 conserving the benzene m-sextet, attack on 
the 2-position, however, leads to a o-complex 4, for which mesomeric delocalization is 
possible only by participation of an orthoquinonoid structure: 


HE 
_< ved N 
Crs ~ — OLS | OF 
N yo H 
disfavored COs CX; aT aa 
No H 


If the 3-position of indole carries a substituent, jects attack usually occurs first 
on the 2-position and subsequently on the 6-position [132]. 


3 @ 
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(a) Halogenation of indole occurs (a) with SO2Cl; or NaOCl/H)O to give 3-chloroindole, 
(b) with NBS to give 3-bromoindole, and (c) with I,/aqueous KOH to give 3-iodoindole: 


xX SO3H 
Py-SO. 
oie CS — OO 2 on 
N N N 
H H H 


Sulfonation of indole with pyridine-SO3 complex leads to formation of indole-3-sulfonic 
acid. 

Nitration of indole is not possible with HNO3/H2SO,; instead, polymerization is ob- 
served. Indoles substituted in the 2-position can be nitrated either in the 3-position 
(benzoyl nitrate) or in the 6-position (HNO3/H2SO,). (N-Phenylsulfonyl)indole or 
(N-benzyl)indole are readily nitrated by HNO3/acetic anhydride in the 3-position [133]: 


NO, ON N 
PhCO-ONO HNO,, H,SO CH 
Con <—_—— cH, ——2 i : 
N 


N H 
H H 
NO> 
NN HNO,, Ac,O N 
oe 
N (R = Bn, SO,Ph) N 
R R 


(b) Acylation of indole can be achieved with acid anhydrides giving rise to 1,3-diacetyl 
indole (5), which yields 3-acetylindole (6) on alkaline hydrolysis: 


128 5 Five-Membered Heterocycles 


Ac 
N Ac,O \ NaH Ee H,O 
N N = ~_HOAc 
" 5 Ac 


Likewise, HouBeNn-Hoescu acylation (cf. p. 112) of indole gives rise to 3-acyl indoles. 
VILSMEIER formylation of indole occurs efficiently with DMF/POCI; and gives rise (via 
intermediate 7 and its hydrolysis) to indole-3-aldehyde (8): 


H. _NMe, HO 


3 

\ DMF, POCI, NaOH, H,O \ 
——________ > > oe 

N 

H 


N® 
H 
7 8 


Aminoalkylation (MANNICH reaction via iminium ions as electrophiles) of 
indole with formaldehyde/dimethylamine in aqueous acetic acid leads to 
(3-dimethylaminomethyl)indole (10, gramine, a natural product from grasses 


(Poaceae)): 
Hs,C-NMe 
CH,0, HNMe,, , . 
N 0°C N N 
H H 
9 HsC-NMe, 10 


Primary product is the N-aminoalkylated product 9, which rearranges to the 
3-substitution product 10 on heating in H2O or with HOAc at room temperature. 

N-Sulfonylimines of a-halogenated aldehydes 11 react readily (without catalyst) with 
(N-alkyl)indoles to give the products 12 of an aminoalkylation in 3-position [134]: 


clc. 
H. CCl 25 °C SYN SOnR 
3 
CO + T without catalyst a \ 
N Nv i 
a SOR N 
11 R12 


(c) Alkylation of indoles with alkyl halides results (as in the case of pyrrole) in 
mixtures of C-alkylation products. For example, CH3I at elevated temperatures 
leads to 3-methylindole (13, skatole) and 2,3-dimethylindole (14) and finally to 
1,2,3,3-tetramethyl-3 H-indolium iodide (15). In this sequence, the transformation of 
the 3,3-dimethyl-3H-indolium ion 14 to 2,3-dimethylindole (16) involves a 1,2-alkyl 
migration (14 — 17), which is mechanistically related to a WAGNER-MEERWEIN 
rearrangement and known as the PLANCHER rearrangement [135]: 
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H3C 
CH,l, DMF, Cs a vs 
CO od" | ch 
N N 
N N H® 
13 14 
H3C CH; CH, ® CH3 
Cre. <a Cro TH Crk 
oN oo N Le 
15 Ort 16 17 


Alkylation of indole occurs on reaction with aldehydes or ketones promoted by a proton 
acid [136] or a Lewis acid (e.g., SbCl; or MoO9(acac), [137]), to give bis(indolyl)methanes 
20: 


20 


Primarily, the product 19 of an acid-catalyzed hydroxyalkylation should be formed, 
which on protonation and loss of HO produces the azafulvenium ion 18; alkylation of a 
second indole moiety by 18 affords the bis(indolyl)methanes 20 as final products. 

Interestingly, when ketones are reacted with indole (or indoles substituted in the 
benzene part) in the presence of Et3SiH and Cl;CCOOH, reductive alkylation in the 
3-position takes place, and products 21 are formed [138]. A (formally) analogous type 
of 3-alkylation occurs (products 22) when styrenes and other terminal olefins undergo 
addition to indole mediated by catalysis of AuCl(PPh3)/AgOTf [139]: 


R1 H fe) Ar. =H 
R2 Ri-G—R2 Za NG CH 
3 
{ Et,SiH, Cl,;CCOOH CO AuCl(PPh,) / AgOTE \ 
$A aT. 
N N N 
H H H 
21 22 


a,B-Unsaturated carbonyl compounds undergo conjugate addition to the 3-position 
of indoles, for example, chalcones with catalysis by KHSO, [140] or SnCl, [141] 
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(+24). Since the Michael adducts 24 possess a stereogenic sp>-center in the 
a-position, conjugate addition can be conducted asymmetrically in the presence 
of chiral catalysts, for example, with a,f-unsaturated aldehydes in the presence of 
diphenyl-(S)-prolinol-trimethylsilyl-ether/NEt; [142]. 

Micuaez addition of arylnitroalkenes to indole affords 3-(B-nitroalkyl)indoles 23 [143]; 
in the presence of the Zn(OTf)2-complex with a chiral bisoxazoline ligand high stereos- 
electivities are observed [144]. Likewise, benzylidene malonates undergo highly selective 
asymmetric MicHAEL addition to the 3-position of indole (25) in the presence 
of a Cu(OTf)2-complex with a chiral bisoxazoline [145]. To the group of MICHAEL 
addition-related indole reactions (formally) belong the FeCl;-catalyzed addition of acety- 
lacetone [146] and the Sc(OTf)3-catalyzed addition of the acylallene 26 [147] to afford 
3-substituted indole derivatives 27. 


Ar. Art 
--NO; Ar? 


ENA 


Cy 
EtOOC_ LCOOEt 
H 
Y JL ; 


Ar H3C. R 
Ar COOEt = 
H R 
N 
COOEt 
N an N 
N25 26 27. (R=CHs, alkyl) 


In this context it should be noted that indoles react with allyl halides in neutral aqueous 
or alcoholic medium to give predominantly 3-allylated products and only minor amounts 
of 2-substituted products [148]. 

Indoles may participate in nucleophilic ring-opening reactions of oxiranes (cf. p. 19) 
giving rise to either N- or C-3-alkylation, as demonstrated by the reaction of 1H-indoles 
with 1-aryloxiranes. When the reaction is performed [149] with Cs,CO3 in DMPU, 
chemoselective N-alkylation and regioselective attack of the indole-1-anion at the less 
hindered oxirane position is observed giving rise to or 28: 


3 ttack 
1-attack _ \ lida 


I 
R= Z~N eo a 
Cs,CO,, Hi" 
DMPU eee 
ae 
S organocatalyst HN” ~N-Tos 
ro : ‘ Hl SN = 
Z~N R= 
Ar A—N 
F,C 


28 3 
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However, when the reaction is performed [150] in the presence (a) of [BMIMJOTf 
(as ionic liquid medium and catalyst) or (b) of an acidic organocatalyst, exclusive 
C-3-alkylation of indole and reversed regioselectivity of oxirane opening occurs giving 
rise to products 29. 


(d) Arylation of indoles can be conducted regioselectively for all positions of the hetero 
ring. 


(i) 1-N-Arylation occurs on reaction of indole (or indoles substituted in the benzo 
part) with aryl fluorides in the presence of KF/Al,O3 and 18-crown-6 in DMSO assisted 
by microwave irradiation [151]. 1-N-Selectivity presumably is due to intermediacy of 
the indolyl-1-anion (generated by F-promoted deprotonation) and its HSAB-controlled 
interaction with Ar-F, which is favored by crown ether-complexation of the counterion 
(K*). 

(ii) C-2-Arylation is observed with indole (or 1-alkylindoles) on reaction with potassium 
aryltrifluoroborate salts in the presence of a Pd(OAc)2/Cu(OAc) catalyst [152]. However, 
the mechanism of this reaction and the origin of C-2-selectivity of arylborate attack is 
not yet elucidated. Regiospecific C-2 arylation is also reported for diphenyliodonium 
tetrafluoroborate as arylation reagent under Pd(II)-catalysis [153]. 

(iii) C-3-Arylation takes place on reaction of NH-indoles with aryl bromides under 
ligandless conditions in the presence of Pd(OAc)2 and KzCO3 [154]. The mechanism of 
this protocol presumably involves primary formation of 1-indolyl-K, its carbopalladation 
in the 3-position. and finally reaction with Ar—Br. 


KF/AI,O3 Pd(OAc),, KzCOs, 
DMSO, 18-crown-6 [Bu,NBn]Cl, qoluene 


+ Ar-F + [Ar-BF,]K + Ar-Br 
AcOH 
Ar 
N 
CY Cr« \ 
N 

Ar N N 

1-arylation 2-arylation 3-arylation 


(3) Electrophilic substitution on nitrogen 


Alkali-metal compounds of indole undergo reactions with haloalkanes, acyl halides, 
sulfonyl halides, and trialkylchlorosilanes to give the corresponding 1-substituted indoles 


30: 
\ R-X Cry R = alkyl, aryl, acyl, 
N —MX N sulfonyl, 


M M =Li, Na, K 30 R SiR's 
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Indoles of type 30 with SO2Ph, CO2tBu, and CONHtBu residues in the 1-position are 
capable of regioselective 2-metalation, for example, with organolithium compounds; 
metalation can be followed by reactions with appropriate electrophilic reagents (alkyl 
halides, carbonyl compounds, etc.): 


CO R=Li CO R-x CoO + NaOH Co 
N  —RH N =k . N 
31 


N 
, ; N — PhSO,H 
SOzPh SO,Ph SO.Ph 


An example is the metalation/alkylation of (1-phenylsulfonyl)indole, which (after removal 
of the N-sulfonyl moiety by alkaline hydrolysis) allows the directed synthesis of 2-alkyl 
indoles 31. 


(4) Addition reactions, reduction, and oxidation 


(a) In comparison to benzo[b]furanes and benzo[bjthiophenes, only a limited number of 
cycloaddition reactions of indoles is known. 

For instance, aryl nitrile oxides undergo 1,3-dipolar cycloaddition to the C-2/C-3 bond 
of indoles and N-alkyl indoles to give tricyclic isoxazoline derivatives 32 (compare p. 194): 


Ar 
= 
®@ 0 
N N 
R (R=H, alkyl) R 


The propargylic esters 33 of (B-indolyl)acetic acid undergo Au(I)/Ag(I)-catalyzed iso- 
merization to the tetracyclic lactone 34, which is interpreted as a tandem (3,3)-sigmatropic 
oxa-CoPE rearrangement followed by an intramolecular (2 + 2)-cycloaddition [155]: 


fe) AuCl(PPh,) 
Z Rs Ag[SbF g] 
O as 
N 
H 


LZ 
—_ . 
[e) 
Oo 
| 
D 
Il 


(b) Reduction of indoles to give 2,3-dihydroindoles (indolenines) is possible (a) by catalytic 
hydrogenation under pressure and at elevated temperatures and (b) by reducing agents 
like Zn/H3POy, or Sn/HCl: 
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(c) Oxidation of indoles occurs easily, like that of pyrroles. On autoxidation, the 3-position 
is attacked by O2 leading to a hydroperoxide intermediate, which on hydrolysis leads to 
indoxyl (indol-3(2H)-one). Particularly easily in alkaline medium, indoxyl is oxidized to 
the blue dye indigo (35, cf. p. 144). The mechanism of indigo formation from indoxyl 
involves generation of the indoxy] radical 36 (by 1-electron oxidation of the indoxyl enolate) 
and its dimerization to 37 (leucoindigo), which by 2-electron oxidation is transformed 
into indigo (35). The process 37 — 35 is reversible, since indigo can be reduced (e.g., in 
alkaline medium by Na2S20,) to leucoindigo. 
O O 


O H 
2s N 
alkaline medium 
oe - COXKD « 
N N 
H H _O 
+OH; -H" +2Ht+2e! * out, 26 
Y 3 
oF 0 
| H 
-1le" ae 
Va . 2 ky eS eS 
N N NH 
H H 
36 37 O 


Directed oxidation of N-acyl indoles to the indoxyl system is brought about by the 
reagent MoO;-HMPT [156], for example: 


MoO,» HMPT OH p 
aN MeOH cS SnCl, cS 
wy EER R=— OMe —— R-=— 
N O~N ZO~N 
1 
nS 38" 39 Ac 


In methanol as solvent, oxidation starts with (formal) transfer of the elements of 
MeO-OH to the indole C-2/C-3 bond giving rise to intermediate 38, which on treatment 
with SnCl, affords N-acetylindoxyl (39). 

Indoles and 1-acetyl indoles are efficiently oxidized with pyridinium chlorochro- 
mate in the presence of (reusable) polyaniline salt catalyst thus affording isatins (40, 
2,3-dihydro-2,3-dioxoindoles) [157]: 


PCC, 9 
polyaniline -H,SO _ 
oy) es Oo 40 
A~N A~N 
H H 


Oxidative cleavage of the indole C-2/C-3 bond can be achieved by a number of reagents 
(O3, NalO4, KO2, Op in the presence of CuCl, etc.), for example, [158]: 
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CH, CH, 
On NalO,,H,0,MeOH or . 

N N 

H io, 


Retrosynthesis of indole (see Figure 5.8a,b) can be conducted on several routes: 

Route I corresponds to hydrolysis of the enamine functionality consisting of addition of 
H20 to the indole C-2/C-3 bond (FGA,— 43) and disconnection a of the intermediate 43, 
which gives rise to (o-aminobenzyl) carbonyl compounds 41; disconnection b transforms 
43 to (2-alkyl)-N-acyl anilines 45. 

Route II starts with alternative H2O-addition to C-2/C-3 (FGA, opposite to I) leading 
to intermediate 42 and disconnection c, which leads to a-(N-phenylamino) carbonyl 
compounds 44. 


a i" (« 42 
NHp FGA Ce H 


N N 
© /  @ i 
ol] Mee oootee aa — 
‘s 4H 46 
yon _ 2H,0 n-& 
Route | 
£O / 
Z © : AX ©) XH 
47 SS N 3 IV CL a 
NH, \ H 


x 
49 CL + | 
NH, 


X = Halogen 
Route II 


Figure 5.8 Retrosynthesis of indole. 
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Route III applies the retroanalytical principle of reconnection [18] to the indole C-2/C-3 
double bond (operation d), which gives rise to (2-,N-diacyl)anilines (46). 

In addition, indole may serve as an instructive example for extending retroanalysis 
to disconnections derived from metal and transition-metal mediated C-—C-forming 
processes: 

Route IV (starting with disconnection f) corresponds to a retro-HEck reaction leading 
to enamine (48) and further to (2-halogeno)aniline (49) and a carbonyl compound 
(operation h). 

Route V begins with the reversal of an intramolecular hydroamination (operation 
e) leading to (2-ethinyl)anilines (47) and further — by the reversal of a SoNOGASHIRA 
coupling reaction (operation g) — to (2-halogeno)aniline 49 and a monosubstituted alkyne. 

Route VI reflects the possibility of disconnecting both indole single bonds simulta- 
neously (operations e/f), which gives rise to (2-halogeno)aniline 49 and a disubstituted 
alkyne. 

In summary, retrosynthesis suggests as suitable educts the systems 41/45, 44, 46, and 
47-49 and their overall transformations to achieve synthesis of indoles. 

As predicted by retrosynthesis, most indole syntheses utilize aniline or aniline deriva- 
tives as building blocks [159]. The following examples are organized according to the 
proposals of retrosynthesis. 


(1) (o-Aminobenzyl) carbonyl compounds can be generated in situ by reduction of 
(o-nitrobenzyl) carbonyl compounds 50; they cyclize spontaneously by intramolecular 
enamine formation to give 2-substituted indoles 51 (Reissert synthesis), as exemplified in 
the classical synthesis of indole-2-carboxylate 52 from o-nitrotoluene: 


R R 
pi ee OO a Oe 
: oO ZA —~H,O T 
© NO, NAb ° fa 


H 


R 
CHg _{COOR),, RONa RONa os (1) Hy, Pd/C \—coor 
~—“Claisen (2) — H,0 N 
NO, H 


condensation 


oa 
= 


2) (o-Aminobenzyl) carbonyl compounds are also formed from N-chloroanilines and 
a-(methylsulfanyl) ketones via anilinosulfonium salts 53 (Gassmann synthesis) [160]. 


Re 0 Et,N 
° 3 
or + oN - ol che c® = HCl 
i SCH, N“S*CH, é 
R' ©) 
53 “iA R2 
N“S*CH, 
SCH Ri 
SCH, ae 54 
\N R2 Ha \ R2 <—— Le 
N —CH,SH N H,0 NHC 
I 
R! My R! 
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In the course of this synthesis, the anilinosulfonium salts 53 are deprotonated by 

Et3N to give sulfonium ylides, which undergo a SoMMELET-HAUSER rearrangement 
(situation 54) to the (o-aminobenzyl) ketones 57. Subsequent (spontaneous) cyclization 
to 3-thiomethylindoles 56 and reductive desulfurization lead to the 2- (or 1,2-) substituted 
indoles 55. 
(3) 1-Dimethylamino-2-(o-nitrophenyl)ethenes 58, obtained by condensation of 
o-nitrotoluene with N,N-DMF dimethylacetal, undergo reductive cyclization (via the 
o-aminomethy]l derivative 59) to indoles 60 on catalytic hydrogenation (Batcho-Leimgruber 
synthesis) [161]: 


R R 
——— (MeO),CHNMe, ‘S LU NMe2 4, pac Sa 
—_—_—_—_> 
— 2 MeOH fA NO, Zz NH, 


58 59 


This method is particularly useful for the synthesis of indoles of type 60 substituted at 
the benzene moiety but unsubstituted at the hetero ring. 

In a novel and efficient variant, (o-nitrophenyl)-substituted alkynes 61 are subjected 
to conjugate addition of pyrrolidine and (without isolation of the intermediates 62) 
subsequent catalytic hydrogenation to give 2-substituted indoles 63 [162]: 


As in the BarcHo-LEIMGRUBER synthesis, key intermediates for cyclization are 
(o-aminophenyl)-substituted enamines, which (like 59) have to be regarded as equivalents 
of (o-aminobenzyl) compounds 41 proposed by retrosynthesis. 
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(4) 2-Mono- and 2,3-disubstituted indoles 68 are efficiently synthesized from 
N-Boc-protected f-(o-aminophenyl)ethanols 65 by Pd-catalyzed oxidation [163]: 


1) tBuLi 
od {gel Cnet eds 
(3) H 


64 Boc 65 Boe 
RI RI 
—— Re ——> eas. 
ae O -H,0 N 
NH, 
67 68 


The protected aminoalcohols 65 are prepared from N-Boc-(o-alkyl)anilines 64 by 
benzylic metalation with tBuLi and addition to aldehydes. N-Deprotection with TFA leads 
to the free aminoalcohols 66, which are oxidized by mesityl bromide in the presence 
of Pd(PPh3)4 and K,CO;; the resulting (o-aminophenyl)ketones 67 cyclize in situ to the 
indoles (68). 

(5) N-Acetyl-o-toluidines 69 undergo cyclodehydration and formation of 2-substituted 
indoles 70 in the presence of strong bases like NaNH) or nBuLi (MADELUNG synthesis). 
The cyclization requires deprotonation of the CH3-group and its coupling with the acyl 
C-atom, but the mechanism has not been elucidated so far. Due to the harsh conditions, 
the MApEtuNG method is restricted to preparation of some 2-alkylindoles. 
CH strong base, 
250 °C \ 
(1.6 =e Cy 

Ae 70" 

Related to the principle of the MApDELUNG synthesis is the indole formation starting 
from (o-tolyl)isocyanide (71). The isocyanide 71 can be metalated with Li-dialkylamides 
at the o-CH3 group, and the resulting Li compound 72 may either undergo cyclization to 
indole (via N-lithioindole 74) or — after alkylation to 73 and renewed benzylic metalation 
and cyclization — produce 3-substituted indoles 75 [164]: 


i H.-R 
oe LiNRg, -78 °C rig R-X a 
—LiX 
N=C N=C N=C 


71 72 73 
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(6) «-Arylaminoketones 76, easily accessible from arylamines and w-halogenoketones, 
are cyclized to indoles 77 on treatment with strong acids by intramolecular SgAr reaction 
and subsequent H20 elimination (Bischler synthesis). The preparative value of this method 


is limited. 
HO R3 
RS? 
Ox_R® : 

N R2 S_-Ar 4 —H,0 " 

l 1 
R 1 
76 R! 77 ‘ 


N-Acylated a-arylaminoketones can be cyclized under more controlled conditions 
[165], thus improving the BiscHtER methodology in its preparative outcome, for 
example: 


Ox LCH3 (1) PPA, 120 °C 
CL Jy a _KOH, HO 
i 


COCF, rape 


(7) (2-Acyl)anilides 78 can be cyclized by intramolecular reductive coupling of the two 
carbonyl moieties mediated by “low-valent titanium” (abbreviated [Ti]), thus creating the 
C-2/C-3 bond of 2,3-disubstituted indoles 79 (Ftirstner synthesis) [166]: 


R3 
ie) 
78 ws Ti ea-. 79 
/ 2 N 
R! R \ 
R! 
reduction | +26 A 
Y "-TiO," | deoxygenation 
R° . 
3 
80 ee Se > ae 
/ R2 N 
RT R! 


This process is similar to the Mcmurry reaction [167]: the reductive dimerization 
of aldehydes and ketones by [Ti] forming olefinic C=C bonds. The mechanism of the 
FURSTNER synthesis presumably involves single-electron transfer to the carbonyl groups 
(78 — 80) and intramolecular radical combination in 80 (supported by Ti-chelation) to 
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a Ti-dioxygen species 81, which finally deoxygenates by elimination of TiO, to yield the 
indole system 79. The FUrsTNER method is highly flexible with respect to the substitution 
pattern in the heterocyclic indole part and has proved to be compatible with numerous 
Lewts acidic and reducible functional groups in the substrates 78. [Ti] can be generated 
from TiCl; and reducing agents like Zn [168]. 

(8) As to be expected from retroanalysis, numerous syntheses of indole mediated by 
transition-metal catalysis, especially by use of Pd-chemistry, have been developed [169, 
170], as shown by the following examples. 

(a) Among the syntheses utilizing intramolecular Heck reactions, two approaches are 
attractive. 


(i) (N-Allyl)-2-halogenoanilines, for example, 82, can be cyclized under catalysis of 
Pd(OAc), and in the presence of triethylamine to give 3-methylindoles 84 [171]: 


x Pd(OAc), CH, 
RS Et,N LSS Ass 
I Z SE ae R 1 Zz | ee R—— N 
NHN N Z N 
—— 
82 83 84 


(X = Br, | Pd,(dba),/dppf (cat.) 


) 
cS es S tBuONa 
R—— + 
7™| HN 


The Hecx cyclization proceeds via methylene indolenines (83) (isolable in the presence 
of Ag salts) and migration of their exocyclic double bond to the internal enamine position 
under the reaction conditions. A variety of 3-methylindoles (84) is accessible directly 
from 2-bromoiodobenzenes by a Pd-catalyzed aryl amination (HARTwIc-BUCHWALD 
reaction) /Hecx cyclization cascade [172]. 

(ii) 2-Iodoanilines undergo annulation with ketones in the presence of Pd(OAc)2 and 
DABCO to give 2-mono- or 2,3-disubstituted indoles 87 [173]: 


R? | R? 
a Pd(OAc), _«f~N 
R= + a | 2 | 
Z~NH, O07 ~R' NR! 


| H,C -CO-COOR 


sS 
Rt COOR a—— Np 
fA ! Z N R 


86 87 
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Primarily, enamines 85 are formed, which cyclize to indoles by intramolecular HEcK 
reaction. Application of this method to pyruvic esters as carbonyl component leads to 
indole-2-carboxylates 86. 


(b) N-Acyl- or N-sulfonyl derivatives of (2-alkinyl)anilines 88 (preferentially trifluoroac- 
etanilides) are cyclized to the corresponding 2-substituted indoles 92 on interaction with 
(1) Pd(PPh3)4 or other Pd(0) complexes and Cul in the presence of a base (NEt3, K2CO3, 
Cs2COs) or (2) tetra-n-butylammonium fluoride (TBAF) (Cacchi synthesis) [174]: 


RI PdL R? 
ZG Pd(0), 
Cul, base CO R?-X eas 
———— ——_> 
—[PdL 
NH N ee N 
88 A 89 R 90 
—[PdL] 
Pd(0), Cul,} x = Br H* | “_ pe 
base R = COCHg, COCF,, SO,Ar 
R! A 
oe \ [Cu (phen)(PPh,),JNO, ons 
+ — 
R= COCF, N 
NH X=! H 
91 R 92 


In (1), Pd-assisted (hydro)amination of the triple bond leads to organo-Pd-intermediates 
(simplified as 89), which can be trapped either by protonation to give indoles 92 
or by electrophilic reactants R*X (e.g., alkyl, aryl, or vinyl halides or triflates; allyl- 
carbonates) to give 2,3-disubstituted indoles 90 [175]. For (2), the mechanism of the 
TBAF-promoted cyclization and deacylation process is not fully elucidated [176]. The 
(2-aminoaryl)acetylenes 88 are accessible by SonoGAsHIRA cross-coupling reactions 
of (2-halogeno)aniline derivatives 91 (preferentially iodo compounds) with terminal 
acetylenes. The 2-iodo trifluoroacetate 91 (R = COCF3) reacts with terminal acetylenes 
catalyzed by the Cu-complex [Cu(phen)(PPh3)2]NO3 to give 2-substituted indoles 92 in a 
one-pot procedure [177]. 

It should be added that (2-ethinyl)chlorobenzenes 93 can be converted directly and 
efficiently to 1,2-disubstituted indoles 95 by reaction with primary amines in a sequential 
Pd-catalyzed arene amination/cyclization protocol [178]. The intermediately formed 
(2-ethinyl)anilines 94 need not be isolated. 


R' + R2.NH, R! 
BA Pd(OAc),, Lig, Z 
tBuOK a Co 
ne al 
N 
Cl NH Ly 
93 2 be 95 R 
ef-\ Cl 94 


Lig: NON Ar=--- 
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(c) (2-Ethinyl)anilines 96 (with free NH? group) undergo intramolecular hydroamination 
to give 2-substituted indoles base- and microwave-assisted in HO at 200°C [179], 
mediated by Au(III)- or In(IH])-catalysts [180, 181] or electrochemically in acetonitrile 
[182]: 


R 
FA ee x cat.: (a) microencapsulated 
ios ee pit TS} Na[AuCl,)/SiO5 
R'—— R 
LZ NH A~N (b) InBr3 
2 H 
96 


In the electrochemical method, cyanomethyl anion is generated by electrolysis and 

deprotonates the NH, group thus mediating ring closure by addition to the triple 
bond. The method seems to be quite general and is compatible with a large variety 
of functional groups, and the yield of indoles is high with internal and terminal 
alkyne substituents. Carbamate-protected anilines are deprotected under the reaction 
conditions. 
(d) Combination of alkyne hydroamination and HeEcx reaction allows indole forma- 
tion from (2-halogeno)anilines and acetylenes in the most simple fashion. Thus, 
(2-iodo)aniline undergoes direct heteroannulation with internal alkynes catalyzed by 
Pd(OAc), to give 2,3-disubstituted indoles [183]: 


Pd(OAc), 
PdCl,(PPha), PhsP 


H H 


With terminal alkynes, the regioselective formation of 2-substituted indoles is observed 
[184]. 

Alternatively, 2-chloroaniline can be subjected to a TiCl,-catalyzed hydroamination 
/5-endo HeEcx cyclization sequence with aryl alkyl alkynes giving rise to 
2-alkyl-3-arylindoles 97 regioselectively [185]: 


Cl R, ‘BuNHs, TiCl, \ue ON oe ‘ 
i ohn Pd(OAc),/Lig (cat.) N Meg = 
H 


97 


(e) Ina highly efficient modular approach, 2-(gem-dihalovinyl)anilines 100 can be reacted 
with arylboronic acids in the presence of Pd(OAc)2, S-Phos (as a complex ligand) and 
K3 POs, (as a base) to give indoles and N-aryl-indoles 102 respectively (Lautens synthesis) 
[186]: 
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CBr, YS 
re &. PPh, “eae Hp, PLC(V “ce 


100 Rt 
(R' = Bn) | (R' =H or alkyl) 
+ AR + Ar—B(OH), 
N | Pd(OAc),, S-Phos 


K,PO,-H,O/toluene 


\ 
oO 
Pd(OAc),, Ety 
ee Ge ME 
9 Pcy NN R2 yy 
R! 
101 (R? = EWG, aryl) 102 
Mechanistic investigations showed, that a sequence of tandem intramolecular 
BucHWALD-Hartwic amination and intermolecular SuzuK1-MiyauRA coupling is likely 


to occur as dominant process (for system 103 with simplified formulations for oxidative 
insertion and reductive elimination of Pd): 


B 
Sn palo), Sy 
Bro 05 Br 
NH> Ne-Pa(o)L 
103 z 


\ \ Ss Br 
Ar ~~<————_ Br ~«-------- penne 
“ ww Pd(II)LBr 


H y Hp 
- HBr, - Pd(0)Ly 


gem-Dihalovinyl systems 100 (X = Br, R! = Bn) can alternatively undergo a tandem 
intramolecular arene amination/HEcx vinylation with activated alkenes to 2-vinyl indoles 
101 [187]. 

The gem-dihalovinyl systems 100 can be conveniently prepared from 

o-nitrobenzaldehydes 98 by Ramirez olefination (CBr4/PPh3) (99) followed 
by reduction of the NO) group on catalytic hydrogenation with a V-doped Pt-C-catalyst. 
(9) Finally, some indole syntheses are available, which are (more or less) not deducible 
from retroanalytical considerations. To this category, above all, belongs the Fischer 
synthesis. 
(a) In this classical indole synthesis (E. FiscHER, 1883), N-arylhydrazones 104 (derived 
from enolizable aldehydes or ketones) are converted into indoles under catalysis by 
Lewts acids (e.g., ZnCl,, BF3, and, especially efficient, Bi(NO3)3 [188]) or BRONsTED acids 
(H2SOx, polyphosphoric acid, HOAc, HC1/EtOH) with loss of ammonia: 
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R2 R2 
R! 
\ ——__ CO 
a — NH, N 
H H 
104 \ 
ne —NH, 
Re 4 R R2 . Re 
wy~sS R a RI R! 
C le — NH NH 
CNH NH NH> N NH 
H 
105 106 107 108 


The Fischer synthesis has found wide application due to its general scope and applicabil- 
ity, and its mechanism has been the subject of intensive studies [189]. It was shown that 
the hydrazone 104 first tautomerizes to an enehydrazine 105, which (from its B-position) 
establishes a C-C-bond to the ortho-position of the arene moiety by a (3,3)-sigmatropic 
rearrangement (diaza-CorE rearrangement). The resulting bisimine 106 is converted to 
the 2-amino-2,3-dihydroindole 108 (by aromatization (+107) and aminal-forming ring 
closure), which gives rise to the indole system by elimination of NH3. Experiments with 
SN isotopes prove that the arene-attached nitrogen of 104 is retained in the indole. 

The phenylhydrazones required for the FiscHER synthesis are prepared from car- 
bonyl compounds and phenylhydrazine. Alternatively, they can be obtained by a 
JApp-KLINGEMANN reaction from C—H-acidic compounds (f-diketones, f-ketoesters, 
etc.) or from enamines by coupling with aryldiazonium salts. This is demonstrated by 
the synthesis of 3-(indol-3-yl)propionic acid (112), the starting material of Woopwarp’s 
lysergic acid synthesis [190]. 


COOH 
Be or O COOEt 
O KOH, H,O oN KOH 
—<—_—_ N° *Ph —_ NZ N 
COOEt COOEt H 
109 110 
COOEt (1) NaOH COOH 
(2) HCI 
H,SO,, EtOH (3) A, - CO. 
pee ee ey XN COOEt ee ee N 
N N 
: 111 A 112 


Ethyl 2-oxocyclopentane-1-carboxylate undergoes azo coupling with [Ph—N;]Cl in 
basic medium with simultaneous acid cleavage of the (intermediary) product 109. The 
resulting phenylhydrazone 110 is cyclized to the indole derivative 111 by H2SO, in EtOH. 
Saponification and (selective) decarboxylation yield the target molecule 112. 
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(b) (2-Aminobenzyl)phosphonium salts 113 and aromatic or a,b-unsaturated aldehydes 


can be transformed to 2-aryl-or 2-vinyl indoles 114 in a two-step one-pot procedure 
[191]: 


® 
PPh, BO 
(1) ACOH/MeOH N 
microwave R 
(2) tBuOK/THF N 


Ai (R = aryl, vinyl) 11 
< 
® : 
PPhg Br ee H( PPh, ~ PhP 
: ie yo . COs 
oe - aH NH 
N7*R Ns ow 
115 116 ate 


In the first step, acid-catalyzed azomethine formation (113 — 115) takes place. In the 

second step, the phosphonium salt 115 is deprotonated to give the P-ylide 116, which 
(in analogy to an aza-WrtTIc reaction) undergoes intramolecular nucleophilic addition 
to the imine function. The resulting phosphonium betaine 117 eliminates PPh3, thus 
establishing the indole system 114. 
(c) One of the few indole syntheses which do not use building blocks of the ani- 
line type is the Nenitzescu synthesis. In this approach, 3-aminoacrylates undergo 
cyclocondensation with 1,4-quinones catalyzed by Lewis acids, preferentially ZnCl, 
[192], to give 5-hydroxyindole-3-carboxylates 121. The mechanism of the Nenitzescu 
synthesis is not completely clarified. A plausible interpretation starts with MICHAEL 
addition of the 3-aminoacrylate to the 1,4-quinone (118), followed by oxidation 
(119), cyclodehydration (120), and redox transformation of 120 to the products 
121 [193]. 


COOR COOR 


fe) ee 
1 ! dat 
G : ‘oa “OOK = 
NH 7 
oO NH» OH 2 
118 
ROOC COOR COOR 
O ~ R' (e) reduction HO. 
i Wee 222 ae 
0 2 -H,O =N N 
119 120 1214 


Indole is a colorless solid forming leaflet crystals, moderately soluble in water, of mp 
52°C and bp 253°C. It occurs in coal tar and jasmine oil. Indole has an unpleasant 
fecal-like odor, but in high dilution has a pleasantly flowery aroma. It was found recently 
that indole is one of the compounds responsible for the smell of flowering rape fields. 
Indole-3(2H)-one (indoxyl), bright yellow crystals, mp 85°C, is the precursor for the 
generation of the indigo dye (see below) in nature and in synthesis. Indoxyl (124) is 
produced on several routes from aniline via N-phenylglycine (122) (the classical synthesis 
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by HEUMANN/PELEGER, 1890/1898) or (N-phenylamino)acetonitrile (123). On melting 
with KOH/NaOH/NaNH), its K-salt is cyclized to indoxyl, which is transformed into 
indigo on aerial oxidation (cf. p. 133). Indoxyl exists predominantly in its keto form. 


O 
COOH Seu On aaNae) 
oe “spar 2 = 
NH, Cl —HCl N —H,0 N 
122 124 
CH,0 CN x 4H 
HCN CL J 2,0 H,0, O, 
—H,O i NH, 
123 indigo 


Indole-2(3H)-one (oxindole), colorless needle-like crystals, mp 127°C, can be prepared 
from aniline and chloroacetyl chloride by N-acylation and AlCl3-promoted FC-cyclization 
[194]: 


° C| (AICI,) 
+ Cl—C-CH,Cl nen —_————__ O 
NH, ~ N (e) i 


Indole-2,3-dione (isatin), red crystals, mp 204°C, is formed inter alia (cf. p. 146) by the 
oxidation of indigo. A generally applicable synthesis of isatins 126 is the Sandmeyer 
synthesis, in which isonitrosoacetanilides 125 (easily accessible from primary arylamines, 
chloral hydrate, and hydroxylamine hydrochloride) are cyclized in acidic medium [195]: 


ClsCCH(OH), O 
TONOHI _ ee cS 
on R-=— oO 
NH> ASN 


H 
126 


Indigo as well as its relatives 6,6’-dibromoindigo (127, the tyrian purple of antiquity) 
and thioindigo (128) contain the cross-conjugated chromophore 129, in general with 
trans-orientation. 

They are known as indigoid dyes and applied as vat dyes (coloristic classification). 
Indigoids are water-insoluble compounds, but are easily reduced (e.g., indigo (35) by 
Na2S2O, in alkaline medium) to give water-soluble di-Na dihydro compounds, derived, 
for example, from 130 (leucoindigo), which can be transferred to textiles and re-oxidized 
there (e.g., aerial O2) to the original dye: 
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R N Ss X 
Hess 10) 
35: R=H, 127: R =Br 128 129 (X = NH, S), (E) oder (Z) 
jens : reduction rae : 
OOO SS OL 
Gs \ 
N +2H i 
Higa fe) oxidation HO 
35 130 (as di-Na-salt) 


Aside from its use as dye for blue jeans, indigo and its relatives have been replaced by 
other vat dyes. There are, however, applications in other fields, for example, in polaroid 
photography. 

Some chemical transformations of indigo are notable, thus its oxidation to isatin 
with HNO; and to dehydroindigo (131) with PbO. On thermolysis at 460°C, indigo 
undergoes isomerization to the bischinolone 132 [196]: 


fe) 
H 
CLIC 
N 
fo 
ee | << 
PbO, 
fe) 
fe) fe) 4 
ob 7 
N N N 
1310 132 0 


A considerable number of natural products are derived from indole. Very important is 
the essential amino acid tryptophan (133), a constituent of many proteins. Enzymatic 
conversion of tryptophan in living organisms produces additional natural products, for 
example, serotonin (134, 5-hydroxytryptamine) by hydroxylation and decarboxylation. It 
occurs in the serum of warm-blooded animals as a vasoconstrictor, and is one of the 
agents responsible for maintaining vascular tone. Moreover, it acts as a neurotransmitter, 
that is, it is essential for conducting impulses between nerve cells. Bufotenin (135), a 
poison occurring in the skin of toads, causes a rise in blood pressure and paralyzes 
the spinal and cerebral motor centers. Psilocin (136), the psychoactive substance in the 
Mexican mushroom Teonanacatl, increases excitability and causes hallucinations. 


H,C-CH-COOH HyC-CHp-NR» HO H,C-CHs-NMe, 
/ H 

Ny Ne \ \ 

‘i ny 134:R=H . 


133 NH 135: R=CHg H 136 
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Melanin, the black and brown hair and skin pigment in humans and animals, also 
contains indole units, in particular 5,6-dihydroxyindole. It is derived from the amino acid 
tyrosine via DOPA (3,4-dihydroxyphenylalanine): 


COOH HO COOH HO 
OTe ooo 
HO ‘ HO HO : 


DOPA | 


melanins 


Melanins are produced by specialized cells, the melanocytes. An accumulation of these 
cells causes moles. If these cells become malignant, a melanoma (a type of skin cancer) 
develops. 

The class of indole alkaloids is so large that only a few of those that are physiologically 
active and pharmacologically important natural products can be mentioned here, for 
example, strychnine, brucine (see p. 532), yohimbine, reserpine, vincamine, ergotamine, 
and lysergic acid. Some antibiotics are also derived from indole. 

Indole-3-acetic acid (137), also known as heteroauxin, is a phytohormone. It is mainly 
formed in buds, seeds, and young blossoms, and is a plant growth regulator. Indican (138), 
the B-glucoside of the enol form of indoxyl, occurs in indigo plants (Indigofera tinctoria) 
and in woad (Isatis tinctoria). During the extraction of the crushed plant with water, indican 
is hydrolyzed to give indoxyl and glucose by the action of the enzyme indoxylase, which 
is also present in these plants. From antiquity until about 1890, the production of indigo 
was based on this reaction and subsequent aerial oxidation. Thereafter, synthetically 
produced indigo came to dominate the market. Among indole compounds occurring in 
sea organisms, tyrindolsulfate (139), the precursor of 6,6’-dibromoindigo (127), has to be 
mentioned [197]. It occurs in molluscs of the type murex, purpura, and dicathais, which 
are mainly found in the Mediterranean. 


H,C-COOH O-CgH,405 O-SO,- Nat 
N N 
H 137 H 138 Br N 439 


The indole system forms the basis of several pharmaceuticals, for instance the 
anti-inflammatory indomethacin (140) and the antidepressant iprindole (141): 


HsC-COOH 
MeO 
N Hi 
{po H,C-CH,—CH,-NMe, 
6) 
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A.B 


5.14 
Carbazole 


O0 


The numbering of carbazole (benzo[b]jindole) predates the introduction of systematic 
nomenclature and is retained for historical reasons. 

Carbazoles behave like 0,0’/-disubstituted diphenylamines. However, the basicity of 
carbazole, pK, = —4.94, is much lower than that of diphenylamine (pK, = 0.78), and 
also lower than that of indole and pyrrole. As a consequence, carbazole is insoluble in 
dilute acids but only soluble in concentrated H2SO, with protonation of the N-atom. 
On pouring the solution into water, carbazole precipitates without polymerization. The 
N-H.-acidity of carbazole (pKa = 17.06) corresponds approximately to that of indoles and 
pyrroles. For this reason, carbazole is convertible into N-metalated compounds which 
can be subjected to electrophilic substitution on nitrogen. 

Carbazole reacts with electrophiles faster than benzene. Substitution occurs regiose- 
lectively in the 3-position, for example, in the VILSMEIER formylation. 

There are very few addition and ring-opening reactions of carbazoles. 


In the field of carbazole synthesis [198], considerable progress has been reached by the 


introduction of strategies based on transition-metal-catalyzed reactions. The following 
approaches lead to formation of carbazoles. 


(1) Biphenyls carrying (a) an azido group or (b) a nitro group in the 2-position (1/5) 
can be transformed to carbazoles 3 (a) by thermolysis, photolysis, or catalysis of Rh(II) 
[199] and (b) by deoxygenating with triethyl phosphite. Both functionalities thus produce 
a nitrene intermediate 2, which cyclizes to carbazole 3 by intramolecular C—H insertion: 


@_9o 
N> BFg 
ao + 


F 4 NO2 (HO)ZB 


> 


For 2-nitrobiphenyls 5, an efficient and flexible synthesis by SuzuK1-MryvaurRa coupling 
of 2-nitrodiazonium salts 4 with aryl boronic acids is available [200]. 


5.14 Carbazole 
(2) 2-Aminobiphenyls 6, (a) N-substituted with acyl or sulfonyl groups [201] and (b) 


N-substituted with alkyl or benzyl groups [202], undergo oxidative cyclization to carbazoles 
7, in (a) with O2 catalyzed by Pd(II) or Cu(II), in (b) with (diacetoxy)iodobenzene catalyzed 


by Pd(II): 
(a) O5, Pd(OAc)» or Cu(OAc)>, 
or 
| (b) Ph-I(OAc)>, Pd(OAc)5 | N 


i] 
7 R 


(3) Diphenylamines 8 can be cyclized to carbazoles by oxidative biaryl coupling with 
aerial oxygen in the presence of Pd(OAc)2 and K,CO; [203]. By the same procedure, 


diphenyl ethers can be cyclized to dibenzofurans. 
air 


PAHOA), KCOs K,CO, i On 
| Ro sR 
fm S 

¢ Pd(OAc), Pd(OAc)>, KxCO3, 

tBu,P - ae norbornene 
LS S SBF S_ 
are —-R R—— Pe 

NH A~nH | 
to 

This reaction principle has been simplified to direct Pd(II)-catalyzed N-amination/biaryl 
coupling routes starting (a) with 2-chloroanilines and aryl bromides in the presence of 


tBuzP [204] and (b) starting with 2-bromo-(N-tosyl)anilines and iodoarenes in the presence 
of K2CO3 and norbornene as co-ligand [205]. 


\ 


Carbazole forms water-insoluble crystals of mp 245°C, bp 355°C, and occurs in the 
anthracite fraction of coal tar. 

A few alkaloids are derived from carbazole, for example, murrayanine (9, 
1-methoxycarbazole-3-carbaldehyde) and ellipticine (10), which is a carbazole system 
with a fused pyridine ring. Ellipticine is one of the substances which can intercalate into 
human DNA. The molecule is inserted between two paired bases. Ellipticine derivatives 
are approved in some countries for use as cytostatic agents [206]. 

Pharmaceuticals containing a carbazole system are rare, but one example of these is 
the beta-blocker carazolol (11, 1-(carbazol-4-yloxy)-3-(isopropylamino)propan-2-ol): 


H CH, OH 
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The textile dye Sirius Light Blue (12) is produced by a double cyclocondensation of 
3-aminocarbazole with chloranil followed by sulfonation: 


O Cl 
Cl 


Carbazole is vinylated in the 9-position by acetylene. The resulting polymer 13 
(poly-N-vinylcarbazole) proves to be a photoconductor: 


-bo,-cH 


Photoconductors are substances which, upon irradiation, increase their electric conduc- 
tivity [207]. They find use in electrophotography as well as in copying processes. 


5.15 
Isoindole 


A-C The name isoindole is admissible for benzo[c]pyrrole, although it possesses an or- 


tho-quinonoid structure. The parent compound has been isolated and characterized 
spectroscopically and chemically [208]: 


9 A —_ 
@Q = Com + CO, + CH,OH 
1 


2-(Methoxycarbonyloxy)-1,3-dihydroisoindole (1, obtained from 2-hydroxy-1,3-dihydro- 
isoindole and methyl (4-nitrophenyl)carbonate) was pyrolyzed in vacuo at 500°C, and 
isoindole condensed on a cold-finger condenser filled with liquid nitrogen. Isoindole 
crystallizes in colorless needles, darkens at room temperature, and polymerizes. Solutions 
in dichloromethane kept under nitrogen are more stable. They give a red color with 
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EHRLICH’s reagent and form the corresponding DrEts-ALDER adducts (endo:exo = 2 : 3) 
with N-phenylmaleinimide. 

Isoindoles substituted in the pyrrole ring are thermally more stable. They can be 
prepared on several routes [209]. 


(1) 2-Substituted 1,3-dihydroisoindol-1-ones 2 undergo addition of RMgX to the C=O 
bond and dehydratization to 1,2-disubstituted isoindoles 3 on treatment with acid: 


2 
HO R2 R 


O 
_p! (1) R°MgX _pt i = vp! 
Com eal ae CO HO AN 
2 3 
(2) The N-oxides of N-substituted isoindolines 5 (easily accessible from o-xylylene 


dibromide (4)) are dehydrated by acetic anhydride/triethylamine to give N-substituted 
isoindoles 6 [210]: 


. NH, Ac,O 
oc 8.co- = co" BO 
Br -2HBr ‘R HO = 
4 6 
(3) (2-Alkinyl)phenyl diazoacetates 7 react with aromatic primary amines in a 


Cu-catalyzed NH-insertion/hydroamination sequence to give (via intermediates 9/10) 
isoindoles of the type 8 [211]: 


co COOR 
[Cu(CH,CN),]PF, 
Me. 2. AN, == ON Ar 
~ —Np, —~ 
7 > 8 CH, 
eee a A 
Y Ne | isomerization 
COOR COOR 
N-Ar 
eee > 10 N-Ar 
S 


The insertion products 9 can be isolated, when 7 is reacted with ArNH) in the presence 
of Rh) (OAc)4. 
A tautomeric equilibrium exists between isoindoles unsubstituted in the 2-position 


and the corresponding 1H-isoindoles 11: 
~ NH 
— Y D 
11 
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Isomerizations in which an H-atom changes its position in a heterocyclic system 
are known as annular tautomerisms. This is a special case of prototropy (prototropic 
rearrangement) [212]. 

For isoindole, the position of the equilibrium depends to a large extent on the type 
of substituent in the 1- and/or 3-position [213]. The 1-phenyl compound exists in the 
2H-form and couples with benzenediazonium chloride in the 3-position. 


5.16 
Indolizine 


Indolizine contains an aromatic 101-system and thus is isoelectronic to the carbocycle 
azulene. Its mesomeric electron delocalization (described by resonance forms 1a-c) 
profits from incorporation of pyridinium betaine moieties (cf. p. 360): 


© 
we a a \ 
<—> | <—> | 1 
~ ON Y ~ ON y SUN 
a ® ®~o 
a b 
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The UV and NMR data of indole are given in the table below: 


1H NMR (CDCls): (ppm) 13CNMR (CDCl): 5(ppm) 

H-1: 6.28 H-2: 6.64 C-1: 99.5 C-2: 114.1 
H-3: 7.14 H-4: 7.76 C-3: 113.0 C-4: 125.6 
H-5: 6.31 H-6: 6.50 C-5: 110.5 C-6: 117.2 
H-7: 7.25 C-7: 119.6 C-8: 133.4 


Indolizine is a base (pK, = +3.9) much stronger than indole (pK, = —3.5). Indolizine is 
protonated at C-3 to give the indolizinium ion 2; its relative stability makes 2 less reactive 
and thus indolizine (in contrast to pyrrole) resistant to acid-induced polymerization: 


ie oO” 
ONS +E* ONS +H | XN —— ee no ee: 
SN 7 a ~ ON 7 < = = we N : polymerization 
E H 
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E = Ac, CHO, N=N-Ar 
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Electrophilic substitution on indolizine takes place at C-3, such as acylation (e.g., 
Ac,0/AcOH), Vitsme1eR formylation (DMF/POCI), or diazo coupling (Ar — Nj). 

Nitration occurs at different positions depending on reaction conditions. Thus, 
2-methylindolizine in strongly acidic medium (concentrated HNO3/H SOx) nitrates at 
C-1 (probably via attack at the indolizinium ion), while in less acidic medium (AcONO?) 
the 3-position is attacked [214]: 


NO, 
2N2 HNO,,H,S0, ANS HNO, Ac,O nN 

H3) <——————_ CH, ————> CH 
OD : 0°C ~SNGY ~ 3 — -70°C ~ NS 3 


NO» 


Indolizine undergoes reduction by catalytic hydrogenation in acidic medium via the 
indolizinium ion 2; depending on activity of the catalyst used, the pyridinium ion 3 
(Pd/C) or indolizidine (4) (Pt) is obtained: 


A © Hy, Pd/C, HBr (* Y= H,/Pt, Ht 
Bro we a 
S SUN N 
4 
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Indolizine can participate with its 81-electron perimeter in a cycloaddition with acetylene 
dicarboxylate (presumably in stepwise and not in concerted fashion) to give the adduct 
5. By performing this reaction in the presence of Pd/C, additional dehydrogenation 
converts 5 to the aromatic cyclazine derivative 6 [215]: 


COOR Pd/C, toluene 
ONS A 
— ee oe 
CO : ] H H -2H 
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Methods of indolizine synthesis [216], in general, utilize annulation of the five-membered 
ring by cyclization of appropriately 2-functionalized pyridine derivatives. 


(1) From 2-methyl-N-phenacylpyridinium ions 8, two simple routes lead to the in- 
dolizine system. 

In (a), cyclization of 8 on treatment with base gives rise to 2-arylindolizines 7 
(CHITSCHIBABIN synthesis) [217]. In (b), reaction of 8 with the iminium salt 9 (available by 
alkylation of DMF with (MeO)2SOz) in the presence ofa base gives rise to 3-acylindolizines 
10 [218}: 


154! 5 Five-Membered Heterocycles 


(a) S Me, .Me (6) Zne 
CO Psa @N* ~CHg 7 Ae IY 
SUN 4 Ar 9 2 Ar 
; a I (2) NEt, 10° 
cane peeS A 
A= ~ HNMe, 
7 
N 11 Pemticiee weds > NZ cae ON” obi 
Se a on =HOMe Ar 
MeN ~ T Nias 
O ie) 12 13 


Common intermediates for (a)/(b) are the enamines 11 (arising from deprotonation of 

the 2-methyl group of 8), which either lead to 7 by intramolecular Aldol condensation or 
to 10 via addition of the iminium ion 9 (acting as a formyl equivalent) to give intermediate 
12 and its intramolecular condensation (13 and concomitant elimination of MeOH 
and HNMe)). 
(2) Acceptor-CH-substituted pyridinium-N-betaines 15 (accessible in situ by depro- 
tonation of the corresponding N-alkylpyridinium salts 14) undergo 1,3-dipolar cy- 
cloaddition with activated alkynes and alkenes as dipolarophiles. With alkynes, the 
cycloadducts (16/19) dehydrogenate spontaneously to indolizines, which are either of 
the 1,2,3-trisubstituted type 17 or (indicating a regioselective cycloaddition) of the 
1,3-disubstituted type 18. With olefinic substrates, the presence of an oxidant for 
additional dehydrogenation of the primary cycloadduct (20 — 17) is required [219]: 
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(3) Propargylic systems, attached to a pyridine-2-position either at the sp-terminus or 
at the sp?-carbon, can be efficiently used as precursors for cyclization to indolizines. 

(a) Terminally (2-pyridyl) substituted propargyl mesylates 21 produce 1,3-disubstituted 
indolizines 22 on reaction with low-order cyano cuprates [R-Cu-—CN]Li in THF at low 
temperature [220]: 


R 
OMs [RCuCN]Li, THF Zw 
R' -78°C —» +25°C a 
l “ o = NN 
R' 
ZN 94 (R' = alkyl, aryl) 22 
| © Ay Ht 
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In this domino process, the cuprate reagent first is responsible for a Sy2’-substitution 

of the propargylic mesylate leaving group leading to the allenic intermediate 23, second 
for activating the allene double bond to cyclization by intramolecular attack of the 
pyridine nitrogen to afford the Cu-intermediate 24, which gives indolizine 22 in a 
protonation/deprotonation sequence. 
(b) The formation of the terminal (2-pyridyl) propargyl system can be integrated into 
a Pd/Cu-catalyzed sequential cross-coupling/cycloisomerization process for the con- 
struction of indolizines. Thus, 3-aminoindolizines 25 are directly obtained in a one-pot 
procedure from 2-bromopyridine and propargylamines (catalyzed by PdCl,(PPh3)2/Cul) 
in the presence of DBU (via 26/27) [221]: 


Br Nl PdCly(PPhs)o INS 
> Cul, DBU (3 equiv.) N Wj 
| + ~ 2 
a NR 
Pd(ll) | Ne base 4 
i —Ht ! 
y HH 
| Cu) - 2a SS : 
ZN #5 NR> 


(c) (2-Pyridyl) propargyl acetates 28 readily afford 1-acetoxy-2-iodoindolizines 29 on 
treatment with iodine [222]: 
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With the propargylic alcohols corresponding to 28, a highly efficient catalyst-free 
cycloisomerization to indolizin-1-ones on heating in EtOH is observed [223]. This 
1,-mediated cyclization is likely to occur via an iodonium intermediate 30, its opening by 
intramolecular attack of the pyridine nitrogen (leading to an 5-endo-dig cyclization) and 
deprotonation of the resulting 1-protonated indolizines 31 to give 29. 

In a related approach, «-propargyl-substituted pyridyl acetates undergo I,-mediated 
cyclization to 3-acylindolizines [224]. 

As in (3a), the formation of the propargylated 2-pyridyl system can become part of a 
sequential C coupling/cycloisomerization strategy. Thus, pyridine-2-aldehyde, secondary 
amines, and terminal alkynes participate in an Au-catalyzed multi-component domino 
process to give 1-aminosubstituted indolizines 32 [225]: 


Re oR! 
N’ 
CHO R! Re Na[AuCl,] ZN 
Ss ‘NH + = 32 
| uN + R2” | SUN Yi, 
H R8 
' A 
saa Rae ERASSRS AGREE AHNaE SOR eanEe Sate i> [Au 
[Au] +Ht1/ os 
; ' pe 
Y Ri PR? Ri Re : RL LR! 
‘nN’ H ‘Nn’ N 
[Au] S ONS 
S eS tween > Au] 9 ----+r-77- > Au 
Z ® 
33 R° 34 Re 35 


As a mechanism of this MCR process, it is proposed that the Au-catalyst ef- 
fects (1) a three-component coupling of pyridine-2-aldehyde, amine, and alkyne to 
give the (2-propargyl)pyridine 33 and (2) enhancement of the triple-bond activity by 
Au-coordination in favor of the cyclization 33 — 34; finally the Au-heterocycle 34 should 
undergo deprotonation (35) and demetalation to give the products 32. 

In an approach related to (3c), (2-pyridyl) allyl acetates 36 are subjected to iodocyclization 
to give 1-acetoxyindolizines 37 by subsequent treatment with iodine and NEt; [226]: 
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In analogy to (3c), an iodonium ion 38 should be the key intermediate, which 
undergoes 5-endo-trig cyclization to 39 followed by base-induced elimination of HI and 
deprotonation leading to 1,2,3-trisubstituted indolizines 37. 

A number of alkaloids are derived from perhydroindolizine (indolizidine). Among 
them, swainsonine (40, (1S)-8ap-octahydro-10,28,8f-indolizine triol) shows remarkable 
biological activity as an inhibitor of some types of cancer and a promoter of the 
organism-specific cancer defence. Several syntheses of swainsonine are reported [227]. 


HO 7 OH 


“OH 40 


5.17 
Pyrrolidine 


The pyrrolidine molecule is practically without strain, nonplanar, and conformationally 
mobile. As in the case of tetrahydrofuran (THF) (see p. 87), the twist and envelope 
conformations are preferred. The activation energy for pseudorotation is 1.3 kJ mol’. 

The chemical shifts in the NMR spectra appear in the region characteristic for cycloalkanes 

and dialkylamines. 


7H NMR (CDCl3): 6(ppm) —'3CNMR (CDCl): (ppm) 


H-2/H-5: 2.75 C-2/C-5: 47.1 
H-3/H-4: 1.53 C-3/C-4: 25.7 
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Pyrrolidines and N-substituted pyrrolidines undergo reactions typical of secondary or 
tertiary alkylamines. They can be alkylated and quaternized; NH-pyrrolidines can be 
acylated and nitrosated. The basicity and nucleophilicity of pyrrolidine is, however, 
greater than those of diethylamine (pyrrolidine pK, = 11.27, diethylamine pK, = 10.49). 
Because of these properties, pyrrolidine is an often used amine component for the 
conversion of carbonyl compounds into enamines: 


9 Cd 


u [H*] N 
R'—CH,—C-R? + HN a ae 
-H,0 R'-CH=C-R 


(1) Pyrrolidine and N-substituted pyrrolidines are produced technically by ring trans- 
formation of THF with ammonia or primary amines at 300°C on aluminum oxide 
catalysts. N-Substituted pyrrolidines are also accessible by photodehydrohalogenation of 
N-alkyl-N-chloroamines (HOFMANN-LGFFLER reaction): 


N 
Ht R™ “ol N 
i a =9'H,0, C1 
& me a ee _ aro 
RHN© -cl RHN: RHN© CHp RH»N H,C-Cl 
cl 


The reaction is first carried out in acid solution. The photolysis of the 
N-chloroammonium ions produces an aminium radical ion which, by abstraction of an 
H-atom from the methyl group, is converted into an alkyl radical. The latter initiates 
a chain reaction by abstracting a Cl-atom from a new N-chloroammonium ion. After 
addition of a base, the ring closure occurs by intermolecular nucleophilic substitution 
via the corresponding 8-chloroalkylamine. 

(2) A versatile and flexible method of pyrrolidine synthesis is the 1,3-dipolar cycload- 
dition of azomethine ylides 1 to activated alkenes, which is realized in many inter- and 
intramolecular examples [228]: 


l 
R? 1 R? 


1,3-dipole dipolarophile 


R R? 


Often-used precursors are imines of type 3, from which azomethine ylides can be 
generated in situ by (a) thermal 1,2-prototropic shift, (b) metalation, that is, reaction with 
a metal salt in the presence of a base, and (c) alkylation/deprotonation: 
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Since (a) the (W-shape) geometry of the azomethine ylides is re-found in the syn-relation 
of 2,5-substituents and (b) stereochemical information (i.e., cis- or trans-configuration) 
from the dipolarophile is maintained at C-3/C-4 in the pyrrolidines 2, azomethine ylide 
cycloaddition is believed to proceed as a concerted process [229], generating the four new 
stereocenters with high stereoselectivity. 

The application of method (b) of 1,3-dipole generation allows asymmetric pyrrolidine 
formation initiated by chiral metal catalysts, as shown by the following examples. 


(i) The iminoester 4 undergoes 1,3-dipolar cycloaddition with dimethyl fumarate in the 
presence of the chiral bisoxazoline ligand 8, Zn(II)triflate, and NEt;, giving rise to the 
proline derivatives 6 with endo-stereoselectivity [230]: 


E___E EZ , cat (8) 
\=-* , cat (7) Ke Are cal 
Ar~ SN~ ~COOCH3 
CuClO,, EtsN : Zn(OTH)», EtyN 
tBu E =COOCH, 
E E E E 
as OL 4N oe . 
O fe) 
l 
w& dcovots p CN Ar N COOCH, 
PH Ph 
5 Fe 8 6 
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(ii) The iminoester 4 reacts with dimethyl maleate in the presence of the chiral 
ferrocenyl complex 7, Cu(I)perchlorate, and NEt;, affording the proline derivatives 5 with 
high exo-stereoselectivity [231]. In contrast, the iminoester 4 is reported to react with 
dimethyl maleate in the presence of [Cu(MeCN),4]BF4, Et3N, and the chiral phosphine 
ligand stereoselectively to the (—)-all-endo proline derivative [232]. A similar asymmetric 
organocatalytic three-component cycloaddition was obtained with aromatic aldehydes, 
aminomalonate, and maleate using control of stereochemistry by a chiral BRONsTED acid 
[233]. 


(3) Inactivated secondary alkyl- or arylsubstituted (pent-1-enyl)amines 10 undergo 
intramolecular hydroamination catalyzed, for example, by [IrClCOD], [234]. giving rise to 
pyrrolidines 9. With Pd-catalysts, cyclizing hydroamination is followed by an additional 
side-chain arylation (+11) [235]. With systems of type 12, the Pd-catalyzed ring-closure 
proceeds with high stereoselectivity (> 13). 
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Pyrrolidine, bp 89 °C is a colorless, water-soluble liquid of a penetrating amine-like odor. 
It fumes in air owing to salt formation with carbon dioxide. 

Pyrrolidin-2-one, often called pyrrolidone, is the lactam of 4-aminobutyric acid. Pyrroli- 
done is prepared from butano-4-lactone and ammonia at 250°C. It is colorless, 
water-soluble, of mp 25 °C and bp 250 °C (decomp.). Pyrrolidone is vinylated by acetylene. 
Poly-(N-vinylpyrrolidone) has proved useful as a plasma substitute in blood transfusion. 

1-Methylpyrrolidin-2-one is a colorless, water-soluble liquid, bp 206°C, made from 
butano-4-lactone and methylamine. It is used as a solvent, for instance, for the industrial 
extraction of acetylene from gas mixtures. 

Proline (pyrrolidine-2-carboxylic acid), is one of the 20 essential amino acids. 


oH NH 
nN“ *COOH “ono Ur 2 Ur 
14 15 (SAMP) 


(S)-(—)-Proline (14), colorless crystals, mp 220°C, [a]?” = —80 (water), occurs abundantly 
in collagen. It is produced by acid-catalyzed hydrolysis from gelatin. 

Piracetam (16) [236] is medicinally used as an anticonvulsant and antiepileptic. 
Levetiracetam (17) is a chiral second-generation analog of 16 providing a useful alternative 
adjunctive therapy to be used alongside conventional anticonvulsants, for example, 
benzodiazepines. 

The designation “chiral pool’ was introduced to denote an available source of enan- 
tiomerically pure natural products. These include the (S)-amino acids as well as (S)-lactic 
acid, (S)-malic acid, (R,R)-tartaric acid, and B-p-glucose. How the knowledge of their 
chirality can be utilized for asymmetric syntheses is demonstrated by the chiral aux- 
iliaries (S)- and (R)-1-amino-2-(methoxymethyl)pyrrolidine developed by ENpERs and 
abbreviated as SAMP (15) and RAMP [237]. They are conveniently synthesized from (S)- 
or (R)-proline [238]. 
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The enantioselective synthesis of the insect pheromone (S)-4-methylheptan-3-one (21) 
by alkylation of pentan-3-one (18) may serve as an example for the use of these chiral 
auxiliaries [239]: 


H H 
ALN’ SCH.OCH, ‘N7SCH;OCH, . 
+ SAMP nC3Hyl a ae Sc 
1,0 f — SAMP H 
18 19 20 21 


The ketone 18 forms a hydrazone 19 with SAMP. Due to asymmetric induction by the 
chiral auxiliary, the subsequent alkylation (a-metalation with lithium diisopropylamide 
in diethyl ether, followed by 1-iodopropane at —110°C) occurs stereoselectively with 
formation of the diastereomer 20. In the final step, the auxiliary SAMP is removed from 
20 by hydrolysis and the a-alkylated ketone 21 is obtained with ee = 99.5%. The use of 
RAMP as auxiliary produces the (R)-enantiomer of 21. 

4-Hydroxyproline (22) is a proteinogenic amino acid occurring mainly in collagen. It 
can be separated from the hydrolysis products of gelatin. 

Several alkaloids are derived from pyrrolidine, for example, hygrin (23), a minor 
alkaloid of the coca plant, as well as nicotine (see p. 378). The vasodilator buflomedil (24) 
and the antihypertensive captopril (25) are drugs containing a pyrrolidine ring. 
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5.18 
Phosphole 
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Phosphole polymerizes rapidly. 1-Substituted phospholes are thermally more stable. | A.c 


X-Ray studies of 1-benzylphosphole show that the molecule is not planar and that 
phosphorus retains its pyramidal structure [240]. 


Q 
EZ NCH Ph 
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Consistent with this finding, the NMR spectra show that phosphole has a lower aromatic- 
ity than furan. 

Phospholes are weak bases and react with strong acids to give phospholium salts. 
The cleavage of the exocyclic P—C bond by lithium in boiling THF is an interesting 
reaction of 1-phenyl- and 1-benzylphosphole. The phosphole anion is planar, aromatic, 
and iso-1-electronic with furan and thiophene. 


P. 
N . =O @ 
CH,-Ph Li er Li 
Pd F Cr ti 


Phospholes are accessible [241], for example, by (4 + 1)-cycloaddition of buta-1,3-dienes 
with alkyl- or aryldibromophosphanes followed by dehydrobromination. 


R' RP 
rX R! R2 Rt R2 
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‘ SPO BF 0-2 HBr P 
R°-PBro R3° “Br - 


5.19 
1,3-Dioxolane 


1,3-Dioxolanes can be regarded as cyclic acetals or ketals. The ring is nonplanar and 
conformationally mobile. 

1,3-Dioxolanes are prepared by cyclocondensation of aldehydes or ketones with 
1,2-dioles in benzene and with p-toluenesulfonic acid as catalyst: 


R + O 
Pa + J ae "Y J + H,O 


Quantitative yields are realized by removing the resulting water by azeotropic distillation. 

1,3-Dioxolanes are stable to bases. They are hydrolyzed by dilute acids even at room 
temperature in a reversal of their formation. The conversion of aldehydes and ketones 
into 1,3-dioxolanes is one of the most important methods for the protection of the 
carbonyl function in multistep syntheses. It is also the standard method for blocking two 
vicinal cis-positioned hydroxy groups in a carbohydrate, for example, via reaction with 
acetone, for example: 
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Halogens react with 1,3-dioxolanes via 1,3-dioxolan-2-ylium salts to give B-haloalkyl 
formates: 


R e Re LON 
x + Xp ae ao —> oe: 


1,3-Dioxolane, a colorless liquid, bp 78 °C, is soluble in water. 
(4R,5R)- and (4S,5S)-2,2-Dimethyl-a,a,«’,a’-tetraphenyl-1,3-dioxolane-4,5-dimethanol 
were prepared from enantiomeric methyl tartrates as follows: 


Ph. (Ph 
COOMe 
0 ee _ELO-BFs a SS ae +4 PhMgBr Nag 
Sou 
on “SHO. oO 
H COOMe 2 “COOM 
0 : A 
(R,R)-(+)-dimethyl tartrate (4R,5R)-(-)-enantiomer 


The compounds form chiral metal complexes as well as chiral clathrates and can be used 
as auxiliaries (TADDOLs) for asymmetric syntheses [242]. 


5.20 
1,2-Dithiole 


1,2-Dithiole is not a cyclic conjugated system. However, the 1,2-dithiolium ions [243] 
derived from it are aromatic and can be obtained, for instance, from 1,3-dicarbonyl 
compounds and disulfane in acid medium: 


R! R? ——H,S,, Ht Rt R2 
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5.21 
1,2-Dithiolane 


1,2-Dithiolanes can be regarded as cyclic disulfanes. The C-S—S—C dihedral angle of 
26.6° results from the electronic interaction between the S-atoms. For this reason, a 
considerable ring strain is caused by the widening of the bond angles, as can be deduced 
from the Newman projection formula. The strain enthalpy was found to be 67 kJ mol '. 


1,2-Dithiolanes are prepared by oxidation of 1,3-dithioles: 


SH 46 C8 
( —H,0 s 
SH 2 


1,2-Dithiolanes are very reactive because of ring strain. 1,2-Dithiolane polymerizes at 
room temperature. Nevertheless, about 20 1,2-dithiolanes are found in nature. Among 
them, a-lipoic acid(6,8-disulfanyloctanoic acid) is of great biological importance. The 
crystalline compound was isolated for the first time in 1951 from the liver of cattle. 


H + 2H 
J)! —. ud SoH 
S* *(CH2)4—COOH -2H HS* *(CH»)4-COOH 


(R)-(+)-a-lipoic acid 


a-Lipoic acid, bound to proteins, acts as a coenzyme in the oxidative decarboxylation of 
pyruvic acid and 2-oxopentandioic acid. By taking up hydrogen, it is converted into the 
corresponding 1,3-dithiole, which is subsequently reoxidized to «-lipoic acid by flavine 
adenine dinucleotide (FAD*). 

Flies are killed upon contact with the marine worm Lumbriconereis. Nereistoxin (1) 
was identified as the active substance in this worm, and its constitution determined as 
4-dimethylamino-1,2-dithiolane. 
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XN 
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S Pe 
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Consequently, structural analogs were synthesized and introduced as insecticides, for 
example, thiocyclam (2). 
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5.22 
1,3-Dithiole 


1,3-Dithiole, like its 1,2-isomer, does not possess cyclic delocalization. However, the 


1,3-dithiolium ion derived from it is aromatic and can be obtained, for example, from 
2-oxoalkyl dithiocarbamates [244]: 


R 
e ae +Hcio, F\-S @ NaBH, XS H  +2HCI0, l BS clo° 
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1,3-Dithiolylium salts react with tertiary amines to give tetrathiafulvalenes: 


R s R Ss iS R R s iS R 
2 I> re I 4 L — > a =< L n-donor 
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NC fA CN 
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Tetrathiafulvalenes form crystalline CT complexes (charge-transfer complexes, 
m-complexes) with, for example, 7,7,8,8-tetracyanoquinodimethane, which display high 
electric conductivity (organic metals) [245]. 


5.23 
1,3-Dithiolane 


S) 


In their functionality, 1,3-dithiolanes represent cyclic dithioacetals or ketals. Accordingly, 
they are obtained by cyclocondensation of aldehydes or ketones with 1,2-dithiols in acetic 
acid with p-toluenesulfonic acid as catalyst: 


R + R S 
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1,3-Dithiolanes are stable toward bases. They are hydrolyzed by dilute acids only slowly, 
in a reversal of their formation, faster in the presence of mercury(II) salts: 


R * Hg?*, H,O R Ss 
re ae O + Hg” J 
Xe) ae PEO tH, 


A better method for regenerating carbonyl compounds from 1,3-dithiolanes is the 
reaction with selenium dioxide in acetic acid [246]. 

1,3-Dithiolanes are subject to reductive desulfurization by the action of Raney nickel in 
ethanol. A method for the chemoselective reduction of a,f-unsaturated ketones is based 
on this reaction, for example: 


5.24 
Oxazole 


Oxazole (1,3-oxazole) contains an O-atom bonded as in furan, and also a pyridine-like 
N-atom (see p. 345). The univalent radical is known as oxazolyl. The oxazole molecule is 
planar, and its structure can be represented by a distorted pentagon (see Figure 5.9): 

The differences in the bond lengths, especially between the bonds N/C-2 and N/C-4, 
indicate that the delocalization of the m-electrons is affected by the heteroatoms. As in 
the case of furan, the structural formula with two 1-bonds is a good representation of the 
electronic structure of the molecule. The ionization energy of oxazole is 9.83 eV and its 
dipole moment is 1.5 D. 

The UV absorption and chemical shifts in the NMR spectra are as follows: 


UV (methanol): A(nm) (e) 1H NMR (CCl,): 5 (ppm) 13CNMR (CDCI): 5 (ppm) 
205 (3.59) H-2: 7.95 C-2: 150.6 
H-4: 7.09 C-4: 125.4 


H-5: 7.69 C-5: 138.1 
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ee Figure 5.9 Structure of oxazoles (bond lengths in pm, bond an- 
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Oxazole is thus diatropic and aromatic. All ring atoms are sp*-hybridized. Consequently, 
there are two nonbonding electron pairs, one on the O-atom and the other on the N-atom. 
The m-electron densities were calculated by various SCF/MO methods, for example: 


4.058__py1.115 
© s001 
O 


1.730 


Oxazole, therefore, belongs to the family of m-electron-excessive heterocycles. The 
electronegativity of the pyridine-like N-atom, however, causes the m-electron density to 
be low, especially on the C-2 atom. Electrophilic substitution should occur in the 5- or 
4-position, while reaction with nucleophiles should occur in the 2-position. 

The classification system for reactions of five-membered heterocycles with two or more 
heteroatoms is different from that for those systems possessing one heteroatom. For 
oxazoles, the following reactions are characteristic [247]. 


(1) Reactions with electrophiles 


(a) Oxazoles are weak bases (pK, of oxazole: 0.8), and are protonated by strong acids at 
the N-atom (—1). Oxazoles are quaternized by reaction with alkyl halides (— 2). 


oF e —< N R-X re 2 
X es / \ ~ ———> / 
Uy mo he ty 
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(b) Although electrophilic substitution reactions are possible with oxazoles, they are 
frequently accompanied (as in furan) by addition reactions. In general, the pyridine-like 
N-atom in the oxazole system impedes electrophilic substitution reactions. For example, 
4-methyl-2-phenyloxazole (3) undergoes bromination (NBS or Br2) in the 5-position, 
while nitration occurs preferentially at the benzene moiety: 


H3C 


nN iy ene, = 
N HNO, / H N 
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Mercuration of 4-substituted oxazoles occurs in the 5-position, that of 5-substituted 
oxazoles in the 4-position, and that of 4,5-disubstituted oxazoles in the 2-position. The 
acetoxymercury group thus introduced can be replaced by electrophiles, for example: 
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(2) Reactions with nucleophiles 


As a consequence of the relatively low m-electron density at C-2 (cf. p. 167), 2-halogeno 
oxazoles undergo nucleophilic substitution reactions (following an addition/elimination 
mechanism): 


(© or H) 


R (S} 
IN Nu- or HNu vw 4 
R oy oe 


: N 
/ \ 
AM, 


Nu = OR, SR, HNG 


{<) 
—Xor- 


Even when C-2-substituents without leaving-group quality are present at C-2, oxazoles 
are susceptible to attack of nucleophiles at the 2-position giving rise to ring-opening, 
which —depending on the attacking nucleophile—can be followed by renewed 
ring-closure, for example, with ammonia or primary amines: 


R R 
a [ee Ai ate 
s\ —> Ro —~> \ RR err \ 
R -H,O 
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Notably, the foregoing sequence includes a ring-transformation of oxazoles to imida- 
zoles. 

Oxazolium salts react much faster with nucleophiles than oxazoles. For 
instance, N-methyl-2,5-diaryloxazolium salts are quantitatively converted to 
N-methyl-a-acylamidoketones in dilute aqueous ammonia at room temperature (via 
addition of hydroxide at C-2 and subsequent ring-opening) [248]: 
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(3) Metalation and metal-mediated reactions 


(a) Oxazoles unsubstituted in the 2-position are metalated by nBuLi [249] or by LiN(TMS), 
[250] even at —78 °C to give 2-lithiooxazoles (4): 
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2-Lithiooxazole (4, R= H) undergoes slow ring-opening at room temperature with 
formation of the Li-enolate of (2-oxoethyl)isocyanide (5). Li-compounds 4 react with 
DMF to give oxazole-2-carbaldehydes and with Cl;C—CCl; to give 2-chlorooxazoles. For 
mercuration, see p. 167. 
(b) Metalation of oxazole in the 2-position can be extended to arylation by reaction with 
nBuLi/ZnCl, followed by Pd(0)-catalyzed NEcisH1 coupling [251] with aryl iodides [252]: 


N 
BuLi/ZnCl, 
AS, __NBULIZnCl, eee 


Ar'-| 


PAUP) A Ma 


ZnCl 


N (a) Ar'-Br, Cul Ag,CO 
I Se KeCOz, Pd(OAc)» cane VW, + Ar aon3 
Ar? y H (b) Ar! -l, Ag2COz, ‘Ar! PdCl,(dppf)/PPh 
PdCl,(dppf)/PPh3 

H 


Nx 
SS VBr CH3 
+AB 7 . 


LiOtBu (2 equiv.) Hi 
Cul/DCD 


The resulting 2-aryloxazoles 6 can be subjected to a direct Pd(II)-catalyzed C-H 
functionalization in the 5-position, for example, to a second arylation with Ar-—I in the 
presence of PdCl, (dppf) leading to 2,5-diaryloxazoles 8. 

In another approach, 2,5-diaryloxazoles 8 have been obtained from direct 2-arylation 
of 5-aryloxazoles 7 with aryl bromides catalyzed by Pd(II)/Ag(I) [253] or with aryl iodides 
catalyzed by Pd(II) [254]. Accordingly, 5-aryloxazoles 7 undergo direct Cu(I)-catalyzed 
alkenylation with bromoalkenes in the presence of DCD giving rise to 5-aryloxazoles 9 
bearing an (E)-vinyl side chain in 2-position [255]. 

Pd(II)-mediated direct arylation (with aryl halides) in the 2-position of 
oxazole-4-carboxylate 10 has been efficiently achieved to give the products 11, 
which allow a second arylation in the 5-position affording the diarylated 4-carboxylates 
12 [256]: 


EtOOC Ar'-X, Cs,CO. Ar?-X, Cs,CO. Et 
AS Pd(OAc) ASP a: Pd (OAC)>, ATP wa 
SE EE enn 
Dig (X= Cl, Br, |) Nar aT Nay! 


10 11 12 
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In addition, oxazole-4-carboxylate 10 can be subjected to direct Pd-catalyzed 
alkenylation, benzylation, and alkylation in the 2-position [257]. Recently, direct 
2-C-H-functionalization (alkylation and arylation) has been reported for oxazoles (as 
well as thiazoles and benzazoles) with free 2-position utilizing chelated Ni/Cu-catalysts 
derived from 2,2’-bis(dimethylamino)diphenylamine [258] or chelated Cu/Pd-complexes 
derived from Xantphos [259] in the presence of a base. 


(4) Cycloaddition reactions 


In the oxazole system, the structural element of a bridged 2-aza-1,3-diene is present. 
Therefore, oxazoles are enabled to undergo Diets-ALpEr reactions with activated alkenes 
and alkynes. For example, acrylic acid (as an unsymmetrical activated dienophile) adds 
to the oxazole 13 to give the product 14 of a (4 + 2)-cycloaddition regioselectively. The 
Diets-ALpER adduct 14 can be transformed to the pyridine derivative 15 by acid-catalyzed 
dehydration. 


CH, oe COOH 
3 
ph A COOH ue COOH Ht HsC_LAQ 
Nx? af | N —H,0 | 
Ph~ ~N 
13 14 15 


With acetylenic dienophiles, the primary products of oxazole cycloaddition may undergo 
cycloreversion (cf. p. 67) to furan derivatives and nitriles. 

Accordingly, arynes like benzyne (17), generated by Pb(OAc),4-oxidation of 
3-aminobenzotriazole (16), undergo cycloaddition to oxazoles very readily [260]: 


Ph 


Us 1 
N Pb(OAc) oo Ph 
SN 2 | ; NY 
N’ -2Np5 (100 %) 
16 NH, 17 


The photooxygenation of oxazoles also occurs as a (4+ 2)-cycloaddition. The 
primary products 18 decompose in various ways depending on the solvent; thus, 
2,4,5-triphenyloxazole in methanol yields N,N-dibenzoylbenzamide (19): 


Ph Ph 
N O,,h =N ry 
pa aes ee 9 C-Ph 
Ph O* ~Ph _ sensitizer Ph~ 2°02 ~Ph Ph-C-N. 
O—O C-Ph 
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(5) Cornforth rearrangement 


4-Carbonyl-substituted oxazoles 20 (aldehydes, ketones, carboxylic acids, and their deriva- 
tives) undergo a thermally induced rearrangement to the isomeric oxazoles 22, in which 
the residue located at the 4-carbonyl moiety and the 5-substitutent have changed places 
(CoRNFORTH rearrangement) [261]: 


T fe) 
Oo -9 
R2 N R2-C’ 6 @ 0! By 
pat sing ‘E-Nec-A' . , RQ 2 oe 
R°"So7 ~R! R3-C’ C-N=C-R MM 
20 (a) 21 (b) 22 


From experiments with isotopically labeled compounds a mechanism was deduced which 
involves electrocyclic opening of the oxazole ring in 20, formation of a (non-isolable) 
nitrile ylide intermediate (21) and its 1,5-dipolar electrocyclization (cf. p. 192) to afford 
the rearranged oxazoles 22. 

Analogously, oxazole-4-thioamides 23 can be thermally isomerized by CorNFoRTH 
rearrangement to afford 5-amino-(4-alkoxycarbonyl)thiazoles 24: 


S O 
ws A (110 °C), toluene Ory 
> 
BION R' R°N~ sR’ 
23 24 


Retrosynthesis of oxazole has to take into account the fact that the oxazole structure 
contains the functionalities of an imido ester (C-2) and of an enamine moiety carrying a 
B-OR group (C-4/C-5). In analogy to the furan/thiophene/pyrrole group, retrosynthetic 
considerations are possible in two directions (I/II, see Figure 5.10). 

According to route I, addition of HzO at C-5 leads (via FGA a and hemiacetal 25) 
to the (a-acylamino)carbonyl system 27 and further to its components 30/31 using 
disconnection b/c. 

According to route II, FGA d (addition of H20 at C-4) gives rise to hydroxyoxazoline 26, 
which by disconnection e leads to the iminoester 28 and FGI f to the (a-acyloxy)carbonyl 
compound 29 and two sets of components, namely 31/33 (via disconnection h) and 
34/carboxylate (via disconnection i). Alternatively, 28 can be disconnected according 
to g leading to components (a-halogeno)carbonyl compound 32/carboxamide. Thus, 
retrosynthesis proposes systems 27-29 to be suitable educts for approaches to oxazole 
synthesis [262]. 


(1) (a-Acylamino)ketones,- esters, or -amides are cyclodehydrated by H2SO,4 or 
polyphosphoric acid to give oxazoles (37) (Robinson-Gabriel synthesis): 
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2 H R2 2 
NH +Ht a) HO. - A " N 
RS AN 3 ? 7 ‘ \ 
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alkyl, aryl, OR, NR» 35 36 37 


(a-Acylamino)ketones are accessible, for instance, by the Dak1n-WEsT reaction (heat- 
ing acid anhydrides with a-amino acids in the presence of pyridine). Labeling the 
(a-acylamino)ketones with 180 in the keto carbonyl group does not produce !8O-labeled 
oxazoles. However, if the acyl carbonyl group is labeled with 180, then all the label is 
found in the oxazole. These experiments support the suggested mechanism and oxazole 
formation via intermediates 35 and 36. 

(2) (a-Acyloxy)ketones, obtainable from (a-halogeno)ketones and salts of carboxylic 
acids, form oxazoles on treatment with ammonia: 


0O R! 
NH, 
R1 R3 NH 2 3 N 
ae Ss a ae —s Dat ; 
R?2 —H,O Re (e) —H,O RP™No7 R 


Intermediate formation of an enamine 38 is reasonable, which on cyclodehydration 
affords the oxazole system. 
(3) Halogeno and (a-hydroxy)ketones undergo cyclocondensation with carboxamides 
to give oxazoles (Bliimlein-Lewy synthesis): 


H route | +H,O +H,O H route II 


O 
ie: 9g "99 
{je o@ @® 
NH, O O 
pe ex pe we Ie ok a H6 
30 31 32 33 34 


Figure 5.10 Retrosynthesis of oxazole. 
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Formamide yields oxazoles unsubstituted in the 2-position; urea gives 2-aminooxazoles. 
As a mechanistic rationale, O-alkylation of the carboxamide should be the primary step 
(— 39) followed by cyclization via N — C=O attack (40) and elimination of HO. 

(4) Among the oxazole syntheses not simply deducible from “classical” retrosynthesis 
approaches applying isocyanides as starting materials are of considerable interest [263]. 
(a) In the van Leusen synthesis, TosMIC reacts with aldehydes under base catalysis (e.g., 
K,COs3) to give 5-substituted oxazoles 41: 


O Tos—CH N 
7 gs ee re oa 
H 40 a — TosH R O 

tee sPASO F r 
-Ht base } — TosH 
Y 
Tos = Tos, H Tos H 
a \ HTN ae ae 
7 al Oh. erent > Mw 
~o R O R’ “OY -H 
i ae 44 


Primarily, TosMIC is a-deprotonated and added to the aldehyde C=O to give 42, 

which cyclizes via O-attack at the isonitrile carbon (—43); protonation leads to the 
dihydrooxazole 44, which undergoes base-induced elimination of p-toluenesulfinic acid 
to the oxazole 41. 
(b) In the Schéllkopf synthesis, a-metalated isocyanides 45 (obtained from isocyanides 
R-CH)-NC and nBuLi) react with carboxylic acid chlorides to give 4,5-disubstituted 
oxazoles 46. Oxazole formation is likely to result from acylation of the a-metalated 
isocyanide (—47), cyclization by oxygen interception of the isocyanide carbon (—48), 
and proton migration (— 46): 


“oy 2 

R2 ae O R2 = R2 <H? Ri N 

goose ¥ RK a jan, —_> | nN —- j \ 
5 R! 


RISO A Ro O 
45 47 48 46 
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° " R~ ~OH R °° 
49 


Based on the SCHOLLKoprF synthesis, a fully automatized continuous-flow synthesis 
has been developed [264], in which EWG-substituted methyl isocyanides are reacted with 
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acid chlorides in the presence of an immobilized base to give 4,5-disubstituted oxazoles 
49 directly. 

Notably, when arylmethylisocyanides are reacted with acid chlorides in the presence 
of 2,6-lutidine as a base, 2,5-disubstituted oxazoles are formed instead of the 
4,5-disubstituted oxazoles obtained when using ScHOLLKorF conditions (nBuLi). This 
effect is believed to be due to primary acylation of the isocyanide functionality [265]. 

(5) a-Diazocarbonyl compounds undergo addition to nitriles with elimination of N2 in 
the presence of Lewts acids or transition metal compounds [Cu(I]), Pd(II), preferentially 
Rh(II)] as catalysts to give trisubstituted oxazoles [266]: 


R'=N : 
+ hvorA ee) Re Ri NC No eR 
nat <= YF [eer 
—N 3 
2, : of RS oo R ORS 
3 
O7 “R 50 


This reaction presumably proceeds via intermediate formation of nitrile ylides 50 

and their ring closure via 1,5-electrocyclization (cf. p. 192) yielding the oxazole sys- 
tem. 
(6) a-Diketone monooximes 51, easily accessible from methylene ketones 
R-CO-CH)-R by nitrosation with CH;-O-N=O in acidic medium, can be subjected 
to condensation with aldehydes in HOAc saturated with (dry) HCl. The (unstable) 
N-oxide intermediates 52 are reduced by Zn or catalytic hydrogenation to afford 
2,4,5-trisubstituted oxazoles 53 [267]. The condensation of the oximes 51 with aldehydes 
is likely to involve acid-catalyzed formation of a nitrone intermediate 54, followed by 
cyclization to 55 and dehydration to the N-oxides 52: 


OH o° R2 
R2UN O R&_N® [2 H] N 
R3 HCI, HOAc TL \ ee [ 1 
Bg + a, a! Pe —H,O R! oon? 
R ie) 
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(7) Propargylic amides 56 are converted to oxazoles of type 58 by Au(III)-catalyzed 
cycloisomerization via (spectroscopically detectable) 5-methylene-4,5-dihydrooxazoles 57 
[268]: 
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In contrast, 5-methylene oxazolines 57 (R’ =H) are obtained in high yield by 
Ag|PF,]-catalyzed cycloisomerization of 56 (R? = H) [269]. Formation of oxazoles 58 
can be reached straightforwardly from propargylic alcohols and amides (through inter- 
mediate formation of 56) by sequential action of Ru- and Au-catalysts [270]. Alternatively, 
a combination of Zn(OTf)z and [TpRu(PPh3)(CH3CN)2]PF, catalysts has been used 
(TP= hydrido-tris(pyrazolyl)borate) [271]. Oxazoles 58 bearing a f-acyl or alkoxycarbonyl 
substituent in the 5-position have been prepared by an SiO2-mediated cycloisomerization 
of propargylamides (56) (R’ = CO-R or COOR) [272]. 2,5-Disubstituted oxazoles 58 
(R? = H, R! = Ar’, R? = CO-Ar!) were obtained in a consecutive three-component pro- 
cess by an amidation-coupling-cycloisomerization sequence from propargylamine and 
acid chlorides Ar!-COCI/Ar?-COCI [273]. 


Oxazole is a colorless, water-soluble liquid (bp 69-70 °C) with a smell similar to pyridine. [D | 
1,3-Oxazolium-5-olates 60 are known by the trivial name of ‘‘Miinchnones.” Their 

reactions have been extensively studied by Hutscen in Munich. They are formed (a) 

by cyclodehydration of N-substituted N-acyl a-amino acids 59 with acetic anhydride 

[274] and (b) by Pd(0)-catalyzed carbonylation of (3-pyridyl)amidoethers 61 [275]. The 

carbonylation of 61 is conducted in the presence of acetylenes (to give rise to the pyrroles 

63 directly, see below): 
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Mesomeric zwitterions like Miinchnones, which are known as mesoionic compounds, also 
occur in other heterocyclic systems [276]. Mtinchnones show the reactivity of 1,3-dipoles; 
for instance, they react with acetylenes via the products 62 of a 1,3-dipolar cycloaddition 
to give pyrroles 63 after cycloreversion of 62 by loss of CO2 (Huisgen pyrrole synthesis). 
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Oxazoles are rarely found in natural products. Pimprinin (64), isolated from Strepto- 
myces pimprina, provides an example: 


N 
\ ae Me N N Me 
a ee a @ OS 
\ Me~ ~O O~~Me 
N 65 


The oxazole ring is found in some macrocyclic antibiotics and several alkaloids. Only a 
few pharmaceuticals derived from oxazole are in use, for example, the anti-inflammatory 
and analgesic 2-diethylamino-4,5-diphenyloxazole. 

Aryl-substituted oxazoles are strongly fluorescent. In solution, they are therefore 
suitable as luminous substances for liquid scintillation counters and also as optical 
brighteners (brightening agents). For instance, 4,4’-bisoxazol-2-ylstilbenes (e.g., 65) are 
added to washing agents. During the washing process, they are absorbed by the fibers, 
so that the clothes appear to be ‘“‘whiter than white” as a result of the blue fluorescence. 
Polymethine dyes with oxalyl terminal groups are used as photographic sensitizers of 
silver halogen emulsions. 2,5-Diphenyloxazole is added as antioxidant to hydraulic fluids 
and high-temperature lubricating oils. 

Oxazoles have been used as vehicles for transformations in organic synthesis, as shown 
by the following examples. 


(1) The photooxygenation with singlet oxygen, when applied to 4,5-cycloalkeno-1,3- 
oxazoles, for example, 66, leads (via anhydrides of type 67) to mononitriles of dicarboxylic 
acids 68 [277]: 


N O,, hv oe. 
Ph —————> —> 
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(2) Transformation of D1zts-ALDER-adducts from oxazoles and activated multiple bond 
systems are of synthetic relevance. If the oxazole contains cyano or alkoxy groups in the 
5-position, or if the dienophile possesses appropriate leaving groups, then these groups 
can be eliminated and 3-hydroxypyridines are formed. Industrial syntheses of pyridoxine 
(69, vitamin Bg, see p. 378) are based on reactions of this type [278]: 


5.25 Benzoxazole | 177 


Okt OEt EtOOC 
Me COOEt Me COOCEt  (H*) HO. COOEt — LiAIH 
= A ‘ Za 4 
O+ [ > | O EtOH | 
Nx/ N a SS 
COOEt COOEt Me* ~N 
o-L i CH,OH 
CN EtOH, } 


ON © aa HO. AV _CH,0H 
Me oO Me C HO —_—> | 
A +f A, N O x — | Me~ SN 
Ns/ J (e) — HCN S Spesaeses a wiseeetEee 


5.25 
Benzoxazole 


The numbering 1,3- is omitted, as there is no other possibility for ring condensation. As 
in the case of benzo[bjfuran, the signal for the proton on C-2 appears in the region of 
benzenoid protons in the 'H-NMR spectrum, with a small downfield shift. 


UV (ethanol): A (nm) (¢) 1H NMR (CD3OD): 6 (ppm) 13CNMR (CDCI): 5 (ppm) 
231 (3.90) H-2: 7.46 C-2: 152.6 C-3a: 140.1 
263 (3.38) H-4: 7.67 C-4: 120.5 C-7Za: 150.5 
270 (3.53) H-5: 7.80 C-5: 125.4 
276 (3.51) H-6: 7.79 C-6: 124.4 

H-7: 7.73 C-7: 110.8 


(1) Reactions with electrophiles 


Salt formation and quaternization of benzoxazoles occur at the ‘‘pyridine-like’’ N-atom: 


H R 
N® | 

Cr’ yO HX yp Cr 
ie) fe) fe) 


Electrophilic substitutions (SpAr) like halogenation or nitration can be achieved only in 
the benzene ring; for instance, HNO3/H SO, causes substitution in the 5- and 6-position, 
but not at C-2: 
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(2) Reactions with nucleophiles 


Nucleophilic displacement has been observed with 2-halogenobenzoxazoles and their 
corresponding N-quaternary salts (in analogy to oxazole), for example: 


N +HNR, x 
Seo a Oo 


However, benzoxazoles and benzoxazolium or N-alkylbenzoxazolium salts are generally 
attacked by nucleophiles in the 2-position (i.e., without the presence of a leaving group). 

Thus, the reaction of hydroxide ion with the N-methylbenzoxazolium salt 1 leads to 
(N-methyl-N-formylamino) phenol (3) in an addition/ring-opening sequence via interme- 
diate 2: 


CH 
() CHs x° CHg 3 
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N + OH N OH Noa 
SHH ae yx = CH=O 
O x? o H 
7 OH 


The high reactivity of N-alkyl-2-halogenobenzoxazolium salts allows attack at weakly 
nucleophilic functionalities. Thus, ketones of the type Ar-CH2—CO-R are transformed 
to alkynes by 4 [279] in a formal dehydration process with transfer of the C=O oxygen to 
the heterocycle due to formation of the benzoxazol-2-one 6 (presumably via intermediates 


5 and 7): 
Et Et 
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(3) Metal-mediated and related reactions 


Benzoxazoles can be metalated in the 2-position. The 2-metalated species can be subjected 
to subsequent coupling reactions, as shown by (2-benzoxazolyl)ZnCl (8, obtained from 
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the 2-lithio compound by transmetalation with ZnCl,) and its Pd-catalyzed NecisH1 
coupling with aryl iodides [280] to give the 2-arylbenzoxazoles 9: 


nBuLi, " 
N ZnClp Ar-l 
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CL H © 276 CL ane PdCl,(PPha), 
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Direct 2-arylation (i.e., 2-C-H functionalization) of benzoxazole has been achieved (a) 
by Cu-mediated reaction with aryl iodides in the presence of Na,CO3 [281] and (b) by 
Pd-mediated reaction with aryl chlorides or bromides in the presence of Cs2CO3 [282]. 

2-Methylbenzoxazole can be deprotonated by alkali alcoholates. The anions 10 thus 
generated (formally related to azaenolates) may participate in reactions with electrophiles, 
for instance, in a CLAISEN condensation with esters: 


N © 
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179 


N N O 
Y NaOEt CL ar 
Cr>- Hs Tt { y ~ EtO- o cd 


«2 
CL 


Responsible for this type of side-chain reactivity is the CH-acidity of heterocyclic CH 
bonds in a-position to an electron-withdrawing “pyridine-like’” N-atom (discussed in 
detail on p. 358). 


(4) Cycloaddition reactions 
As expected, benzoxazoles do not react as 1,3-dienes. However, (2 + 2)-cycloadditions 


have been observed, as shown by the photodimerization of 2-phenylbenzoxazole (11) 
giving rise to the dimer 12 [283]: 
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In the dark and in solution, the photodimer 12 undergoes an acid-catalyzed cleavage 
back to 11 in an exothermic reaction, AH° = —116 kJ mol’. It seems to be reasonable 
that the release of strain energy of the twofold diazetine system makes the major 
contribution to the enthalpy of cleavage. 
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(1) Conventional retrosynthesis of benzoxazole (which has to consider that C-2 is on 
the oxidation level of a carboxylic acid) 


NH, 
FGA, H ; FGA, CL 
5 OH 


immediately leads to the standard synthesis for 2-substituted benzoxazoles 14 [284], 
the cyclocondensation of 2-aminophenols with carboxylic acids [285] or carboxylic acid 
derivatives. Benzoxazole formation proceeds via (2-acylamino)phenols 13, which can be 
isolated and subsequently cyclodehydrated. In a modification, acid chlorides are generated 
in situ and reacted with 2-aminophenols in MeSO3H/dioxane to give 14 (via 13) [286]. 
Benzoxazoles (16) unsubstituted in the 2-position are obtained by cyclocondensation 
of 2-aminophenols with trimethylorthoformate in the presence of concentrated HCl 
(presumably via intermediate 15) [287]: 
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(2) Aldimines 17 of 2-aminophenol are oxidatively cyclized to 2-substituted benzoxa- 
zoles mediated by the hypervalent iodine(II1) compound PhI(OAc), in CH30H [288]: 
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Asa mechanistic rationale for this two electron/two proton transfer, formation of an io- 

dine (III)-educt complex 18 can be envisaged, which undergoes redox disproportionation 
by loss of Ph-I and HOAc leading to the benzoxazole system via intermediate 19. 
(3) In a conceptually remarkable synthesis, 2-halogenobenzanilides 20 are trans- 
formed to 2-arylbenzoxazoles (a) on reaction with Cul or CuOTf in the presence of 
N,N,N',N’-tetramethylethylenediamine (TMEDA) in aqueous medium [289] and (b) on 
reaction with Cu-fluoroapatite/K,;CO3 in DMF [290]: 


H H 
N Cu(! N® -Ht SN 
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Oxazole formation can be interpreted as Cu-mediated O-arylation of the amide function 
(— 21) followed by NH-deprotonation. 


Benzoxazole forms colorless crystals of mp 31°C. Some benzoxazole derivatives are used 
as pharmaceuticals, for example, 2-amino-5-chlorobenzoxazole as a sedative. 


5.26 
4,5-Dihydrooxazole 


4,5-Dihydrooxazole was previously known as A*-oxazoline or 2-oxazoline. It follows from 
microwave spectra that the ring is planar. 

4,5-Dihydrooxazoles are weak bases and form salts with strong acids. They undergo 
a stepwise hydrolysis in aqueous acid medium to give salts of B-amino alcohols 
and carboxylic acids. The nucleophile attacks at the 2-position, as in oxazolium 
salts: 
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On the basis of this reaction, 4,5-dihydrooxazoles have to be regarded as carboxylic 
acid-erived cyclic imido esters [291]. 


(1) As reversal of their acid-induced hydrolysis, 4,5-dihydrooxazoles are prepared by cy- 
clocondensation of B-aminoalcohols (accessible from oxiranes by ring opening with 
NH; (cf. p. 18)) and carboxylic acids or esters [292]. Instead of carboxylic acids, 
aliphatic, and aromatic aldehydes can be cyclocondensed with aminoalcohols in the 
presence of NBS as oxidizing agent to afford oxazolines in a one-pot procedure [293]. 
N-(2-Hydroxyalkyl)carboxamides 1 can be isolated as intermediates and subjected to 
cyclodehydration, which occurs thermally or on treatment with H2SO4, SOCh, or other 
dehydrating agents: 
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(2) Ina stereoselective one-pot synthesis, (£)-olefins of the styrene type are reacted with 
stoichiometric amounts of nitriles, NBS, H2O, and NaHCO; in the presence of Cu or 
Zn triflate as Lewts-acidic catalysts to give 2,4,5-trisubstituted oxazolines 2, in which the 
4,5-substituents attain trans-configuration [294]: 


+ R2-CN Pie 
1 Cu(OT#), or Zn(OTE) : 
ASR +NBS 2 2 
Ph +H,O Nx 0 2 
NBS | - rg a: 
: co pn A +H,O Ph Br ' 
to. NUNS . eek Rt Tt! ae. -—< Cu(ll), | 
ano ne N SA NRT Sher” 
S@ - r 
3 Rs O 
N=C-R? af Re 5 


A reasonable reaction mechanism may start with formation of a bromonium ion 3 by 
attack of NBS at the olefin, followed by opening of 3 by the nitrile (+4) and addition 
of water to the nitrilium ion 4. This sequence leads to bromoamides 5, which finally 
undergo Lewis acid-mediated ring-closure via Sj2-type intramolecular O-alkylation of 
the amide function to render stereoselectively the oxazoline system of 2. 


4,5-Dihydrooxazoles are widely used as building blocks and auxiliaries in organic syn- 
thesis because of their accessibility and the mild hydrolytic conditions for ring-opening. 
The C-H-acidity of 2-alkyl-4,5-dihydrooxazoles, the electrophilic reactivity at C-2 in 
N-alkyl-4,5-dihydro-oxazolium salts, and the activation of 2-aryl substituents for di- 
rected metalation reactions by the 4,5-dihydrooxazole system have all been synthetically 
exploited as shown in the following examples: 
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(1) 2-Alkyloxazolines (6) undergo a KNOEVENAGEL-type condensation with aryl aldehydes 
to products 7, which on acid hydrolysis are transformed to 2-alkyl-3-arylpropenoic acids 


(8): 


Me Me 


H + 
ag ) (1, or NaHSO,) ora HO (H')" HOOC-C=CH-Ar 
eee ee \' ———> 
oO cH’ “10 oP ~C=CH-Ar R 
I 
6 R 7, 8 


(2) 2-Methyl-4,5-dihydrooxazole (9) is metalated by n-butyllithium and subsequently 
alkylated with haloalkanes to afford 10. The hydrolysis of 10 yields a carboxylic acid 
(11), in which the haloalkane residue has been lengthened by two C-atoms (R-X —> 
R-CH-COOH). 


“3 nBuLi weP + RX ae ue HOOC-CH,-R 
OCH; oO CHaLi| EX” =n ae 


11 


The chiral 2-alkyl-4,5-dihydrooxazole (12) is synthesized from (+)-(15,2S)-1-phenyl-2- 
aminopropane-1,3-diol, the product of LiAlH,-reduction of phenylalanine (available from 
the chiral pool, see p. 160), and converted to the methyl ether 13 by alkylation with 
CH3I/NaH. As a result of internal asymmetric induction, the lithiation product of 13 
occurs diastereoselectively and yields 14. In the case of 14 (R' = Me, R* = Et), hydrolysis 
transforms to the (+)-(S)-enantiomer of 2-methylbutanoic acid (15) as main product with 
moderate stereoselectivity (ee = 67%): 


HOH,G,, (1)NaH  MeOH,C, (1) nBuLi 
(2) Mel (2) + R2-X 
SG one Rt —— ah Rt 

12 13 
MeOH,C, i" 

H,0 (H*) ; 

onl S ot cHe > Ho0c-cH-R 

R2 Re 
14 15 


This synthetic application of 4,5-dihydrooxazoles is known as the MEyYERs oxazoline 
method [295]. 
(3) The quaternary salt 16 (accessible from 4,4-dimethyl-4,5-dihydrooxazole and 
iodomethane) adds arylmagnesium halides at C-2, thus reducing the oxidation level 
of C-2 to that of the aminal-acetal functionality in the oxazolidine 17, which on acid 
hydrolysis delivers an arylaldehyde. Thus, the 4,5-dihydrooxazolium ion 16 and its 
RMgxX addition brings about the conversion Ar—Hal — Ar—CHO [296]: 
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Me Me Me Me Me H 
‘ H,0 (H* 
ee eer rast TES ite ow ae 
SI — MgBrl P= Ki 6 
O O OH 
16 17 


(4) 2-Phenyloxazolines of the type 18 are susceptible to directed metalation (H-metal 
exchange [297]) in ortho-position to the oxazoline ring due to intramolecular complexation 
of the lithioarene moiety 19: 


+ } 
COOH 
oe. _nBuli Cer +R-X 22 GGL H,O/H* 
Lux. R 26 ft R 
18 20 ~ @ 21 


Alkylation of the lithioarene 19 by halogenoalkane affords 20, which on hydrolysis in 
aqueous acid leads to the 2-substituted benzoic acid 21. Overall, the oxazoline function 
serves as a vehicle for the ortho-alkylation of a benzoic acid, which is not possible in the 
presence of a free COOH group [298]. 

Oxazol-5(4H)-ones 23 are interesting intermediates for organic syntheses [299], they 
are known under the trivial name azlactones. Oxazol-5(4H)-ones are obtained by cyclode- 
hydration of (N-acyl)amino acids 22 with acetic anhydride. C-H-bonds in the 4-position 
of azlactones show marked C—H-acidity and thus are responsible for some base-induced 
transformations. 


Rio “7 R! R'=H: + nt Bs 
fe) Re os dpe 
OH ca Re or =i A 


Azlactones derived from glycine (23, R' = H) undergo KNoEvENAGEL condensation 
with aldehydes to afford the 4-alkylidene derivatives 24. KNOEVENAGEL condensation of 
azlactones 23 (R = H) is efficiently achieved by mediation of Al,O3 in CHCl; [300]. On 
behalf of this reaction, azlactones 23 (R' = H) are key compounds for the Erlenmeyer 
synthesis (1893) of amino acids. 

For instance, N-benzoyl glycine (26, hippuric acid) can be transformed to a 4-alkylidene 
azlactone (27) by treatment of 26 and an aldehyde (a) with AcyO/NaOAc via intermediate 
formation of the azlactone 25 and (b) with polyphosphoric acid via intermediate formation 
of alkylidene hippuric acid (28). Under the conditions of (b), ketones can be used in the 
ERLENMEYER synthesis. 
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see eee LN __EPHCHO 
—H,0 Oo? Ph —H,0 i 
= Ph 
NH 
ot y-Ph + Ph-CHO be 
OHO -2H,O O-™*0"~Ph 
26 27 
Ph-CHO " » NH ‘ 
eee ale acre > Oo YP wreresceeed 
~H,0 OHO ~H,0 
28 


Catalytic hydrogenation of the 4-alkylidene azlactones 27 affords the 4-alkyloxazolones 29, 
whose hydrolysis in acid medium renders amino acids 30 (formally a-alkylated glycines) 
and benzoic acid: 


R 


A x ‘ N +2H,0 (H*) 
N +H ae 2 L HOOC=Ph 
—_—_—_—__> \ —_—_——_> + 
Dat Ph oA Pn HOOC” ~NHz 
27 29 3 


0 


Carbanions 31, formed from azlactones of type 23 by deprotonation with bases, undergo 
MicHaeL addition with alkenes possessing electron-withdrawing substituents such as 
acrylonitrile; in general, the MicHAEt acceptor attacks the anion 31 in the 2-position. The 
adducts 32 are cleaved on hydrolysis to give y-keto nitriles 33 [301]: 


R! R! R! 
N Et,N On _N H,C =CH -CN 
1 As 5. a <> 
oA Re oH oA Re Oo eR 
31 
- 2H,0 R\ R? 
=N + 
0 
O=*0°CH»-CH»-CN BO CH,CH2-CN 
32 33 


If R? is a bulky substituent, for example, a mesityl group, then the addition of the 
MicHAEL acceptor occurs in the 4-position of the anion 31 [302]. 
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Isoxazole (1,2-oxazole) contains a pyridine-like N-atom, but differs from oxazole by 
the presence of an N-O bond. The bond energy of such a o-bond amounts only to 
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142.5 Figure 5.11 Structure of isoxazole (bond lengths in pm, bond 
135.6 /103 112\ 430.9 angles in degrees). 

111 105 N 
134.AN°4 39.9 


200 kJ mol', much lower than that of N-C or O-C bonds. The univalent radical is 
known as isoxazolyl. 

The isoxazole molecule is planar (see Figure 5.11). Again, it is evident that the 
heteroatoms impair the delocalization of the m-electrons. This is more pronounced than 
in oxazole, as can be deduced from a comparison of the bond lengths between ring atoms 
3 and 4. 

The ionization energy of isoxazole is 10.17 eV and its dipole moment of 2.75 D is greater 
than that of oxazole. Isoxazole, like oxazole, shows very short-wave UV absorption. The 
chemical shifts in the NMR spectrum are found in the region typical for benzenoid 
compounds. 


UV (H20): A (nm) (2) 1H NMR (CCl,): 6 (ppm) 13CNMR (CDCI): 5 (ppm) 
211 (3.60) H-3: 8.19 C-3: 149.1 

H-4: 6.32 C-4: 103.7 

H-5: 8.44 C-5: 157.9 


Isoxazole is aromatic like its structural isomer oxazole. It is a m-excessive heterocycle. 
The following m-electron densities have been calculated: 


1.079 0.998 


1.008, N1.166 
(eo) 


1.753 


Therefore, electrophilic substitutions occur at the 4-position, whereas nucleophiles prefer 
the 3-position. The following reactions are typical for isoxazoles. 


(1) Reactions with electrophiles 


Isoxazoles are very weak bases (parent compound: PK, = —2.97). Protonation occurs at 
the N-atom, likewise quaternization by R-X or (RO)2SOp. 

Electrophilic substitutions (Sg Ar) at isoxazole (e.g., halogenation, nitration, sulfonation) 
occur at the 4-position; however, their preparative outcome is unsatisfactory. Better yields 
are obtained, when activating groups are present, for example, in 3-methylisoxazole: 


OoN CH HNO, CH, Be Br. CH3 
H,SO, 1 2 i 
// N <——— _/ N —§—; UN 
O° 0” oO 


As with oxazole, the pyridine-like N-atom impedes S,Ar reactivity of the isoxazole system; 
thus, for instance, in 5-phenylisoxazole sulfonation occurs only at the phenyl group. 
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(2) Reactions with nucleophiles 


Isoxazoles 1, unsubstituted in the 3-position, undergo a synthetically useful ring-cleavage 
(cf. p. 191) on treatment with a base to give the isomeric a-cyano carbonyl compounds 3: 


Ri fH: 


\ ~ base R\ Ht a C=N 
/ oN ee yi CEN mee ee = 
RP SO% -H* R?K_© R? 
Ol oO 
1 2 3 


Remarkably, the base does not attack the isoxazole ring by addition, but by deprotonation 
at C-3 and ring-opening of the (relatively weak) O-N bond (probably via an E 2-type 
process). Intermediate is the (Z)-a-cyano enolate 2, which on reprotonation affords the 
cyano carbonyl compounds 3. 

In contrast, quaternary 5-aryl-isoxazolium ions 4 with free 3- and 4-position are cleaved 
by bases to give the a-acylketenimines 5: 


H H H 


Based on this reaction is the application of isoxazolium salts as COOH-activating reagents 
in peptide synthesis [303]. 


(3) Ring opening by reduction 


Isoxazoles on catalytic hydrogenation give rise to enamino ketones, which can be 
hydrolyzed to 1,3-diketones: 


R! R? +H, RO. BP Ri R? 
mm (Raney - Ni) = +H,0 
N, ps = ——————>_ HN A ag OO R° 
(@) > 3 
O O 


Isoxazoles undergo reductive ring-opening by Na in liquid NH; in the presence of tBuOH 
to yield B-amino ketones, which on heating or by acid are converted to a,f-unsaturated 
ketones by elimination of NH3: 


R! R2 R2 


Rt R? +2H, A I 
aX — ——* ‘R'-CH=C=G=h* 
N, ps HoN R? — NH, fe) 
fe) 


O 


In both reactions, reduction takes place at the N—-O bond leading to cleavage of the 
isoxazole system. 
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route | route II 
H 


® 
Sy © _ - i‘; 
: OH + NH, —OH | to 9 


O oO 


Figure 5.12 Retrosynthesis of isoxazole. 


It should be mentioned that, unlike oxazoles, isoxazoles do not undergo D1Ets-ALDER 
reactions [304]. 

Retrosynthesis of isoxazole (see Figure 5.12) has to take into account that C-3 and C-5 are at 
the oxidation level of carbonyl groups and that the heterocycle possesses the functionality 
of an oxime and of an enol ether. 

Thus, a logical retroanalytical route (I, FGA a— disconnection b— FGI c) leads via 6 
and monooxime 8 to 1,3-dicarbonyl systems and hydroxylamine as potential educts for 
isoxazole synthesis. 

In a second route (II), after FGA d to 7 a retroanalytically permitted cycloreversion (e) 
is applied, which leads to an alkene substituted by a leaving group and to a nitrile oxide 
(9), thus opening a potential 1,3-dipolar cycloaddition route to the oxazole system. 

These two principles proposed by retrosynthesis are in fact realized in actual isoxazole 
syntheses [305]. 


(1) Cyclocondensation of 1,3-dicarbonyl compounds with hydroxylamine catalyzed by 
acids or, most efficiently, by W-heteropolyacids [306] or by ionic liquid ([BMIM]BF4) [307] 
affords 3,5-disubstituted isoxazoles 12 (Claisen synthesis): 


R 
g {i 
O SN AX, 
_ —_> I —__> UN —__> i 
Lc + H»N-OH —H,O R O OH HO’ ~O —H;0 R an 
10 11 12 


As predicted by retrosynthesis, isoxazole formation proceeds via (isolable) interme- 
diates 10 and 11. In the case of unsymmetrically substituted B-dicarbonyl systems, 
regioselectivity can be controlled by utilizing different carbonyl electrophilicities and 
observing defined reaction conditions. 

Hydroxymethylene ketones, the corresponding enol ethers, and ethinyl ketones can be 
used in the C1aIsEN synthesis. 

(2) (a) Terminal or internal alkynes react with nitrile oxides 9 in a (concerted) 1,3-dipolar 
cycloaddition to give isoxazoles 15 (Quilico synthesis). The nitrile oxides are generated in 
situ, for instance, (i) from hydroxamic acid chlorides 13 by dehydrohalogenation with 
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NEt; and (ii) from primary nitro compounds 14 by dehydration, for example, with phenyl 
isocyanate in the presence of NEt; (MuKaryAMA method): 


al NEt, 6 R? 


When the 1,3-dipolar cycloaddition of nitrile oxides is conducted with unsymmetrical 
alkynes — for instance, with terminal acetylenes — in the presence of transition-metal 
catalysts, regioselectivity can be controlled by choice of a specific catalyst. 

Thus, in the presence of an Ru-catalyst (e.g., RuCl(cod) (C5 Mes)), 3,4-disubstituted isox- 
azoles (15, R’=H) are obtained as pure regioisomers [308]. In contrast, in the presence of 
Cu(I) salts (i.e., via Cu(I)-acetylides) the regiocomplementary 3,5-disubstituted isoxazoles 
(15, R’=H) are formed exclusively [309]. Alternatively, 3,5-disubstituted isoxazoles can 
be regioselectively and efficiently prepared by 1,3-dipolar cycloaddition of aryl nitrile 
oxides with 1,1-disubstituted bromoalkenes followed by spontaneous aromatization of 
the 5,5-disubstituted bromoisoxazoline intermediates by loss of HBr [310]. 

(b) Activated primary nitro compounds undergo cyclocondensation with terminal alkynes 
in the presence of DABCO to give 3,5-disubstituted isoxazoles 16 [311]: 


R' = COOR, COR, Ar DABCO RI - 
re 


An attempted (simplified) rationalization of the mechanism implies that in the 
apolar medium the hydrogen-bonded ion-pair 17 formed between the nitronate and the 
protonated base undergoes (reversible) cycloaddition with the dipolarophile, and then the 
hydrogen-bonded cycloadduct 18 releases HzO and the base (via 19) to give the product 
16. 

(3) 2-Alkyn-1-one-(Z)-O-methyloximes 20 are cyclized by a variety of electrophilic 
reagents (Br2, Ph-Se—Br, I, preferentially I-Cl) to give highly substituted isoxazoles 21 
[312, 313}: 


189 


5 Five-Membered Heterocycles 


OMe 
N 1 
20 o<, +E-X . E R 7 
IN —Me-X / \ 
SS R2 R2 or 
£25? 56 
Y +X | -MeX 
Me 
I 
ne \ @® Me 
22 | R2 N—O 
BONE ciate a | ; 
() 


Especially useful are the 4-iodo compounds 21 (E = I) due to their potentiality of un- 
dergoing various Pd-catalyzed coupling reactions to yield 3,4,5-trisubstituted isoxazoles. 

Cyclization is likely to proceed via primary formation of an onium intermediate 22 by 
attack of E-X at the triple bond of 20, followed by cyclization via O-attack on 22 (— 23) 
and O-demethylation of the oxonium ion 23 to yield MeX and 21. 


Isoxazole is a colorless liquid of a pyridine-like odor, bp 94.5 °C. It is soluble at room 
temperature in six times its volume of water. 

A few oxazoles occur in nature, for example, muscimol (24), a CNS depressant in fly 
agaric (Amanita muscaria) [314]. Muscimol acts as an antagonist of the neurotransmitter 
4-aminobutyric acid. 


0° 


LN x 


© 
H3N-CH oO 


Among the isoxazoles, many biologically active compounds are found. Some of them are 
important as drugs or biocides, for example, the long-acting sulfonamide sulfamethox- 
azole (25), the anti-inflammatory isoxicam (26), the antiarthritic and antirheumatic 
leflunomide (27), and the fungicide 3-hydroxy-5-methylisoxazole. 


NH» Q, 0 CF3 
Be Z nH N 
/ N on Xo Y-cx, N. \ H 
H3C~ Nov OHO Neg O* ~CHs; 
25 26 27 


Isoxazoles have a considerable synthetic potential because of their ring-opening reactions 
as masked 1,3-dicarbonyl systems [315]. 


(1) «-Cyano carbonyl compounds, obtained by C-3-deprotonation and O—N-cleavage of 
isoxazoles (cf. p. 187), can be utilized, for instance, as building blocks for the synthesis 
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of heterocycles otherwise difficult to produce. As an example may serve the synthesis of 
3-amino-2-ethoxycarbonyl pyrrole (30) from isoxazole and diethyl aminomalonate [316]: 


COOEt 


HN * HCI 
COOEt 
NaOEt, = 
i HOEt (a = NaOAc, HOAC/EtOH Cx pOvEl 
r fe) a 1 COOEt 
28 29 
NH 
NX NH, NaOFt, 
\ 7 i COOEt HOEt 
COOEt N’ ‘cooet 
H 
30 31 


Isoxazole is ring-opened by NaOEt in EtOH to cyanoacetaldehyde (28), which con- 
denses in situ with diethyl aminomalonatehydrochloride in EtOH in the presence of 
NaOAc/AcOH to afford the enamine 29. Ring-closure by base-induced intramolecu- 
lar malonate addition to the cyano function leads to the iminodiester 31, which on 
treatment with NaOEt undergoes KrapcHo cleavage and tautomerization to give the 
3-aminopyrrole-2-carboxylate 30. 

(2) (4-Chloromethyl)-3,5-dimethylisoxazole (32, readily accessible from acetylacetone) 
serves as a C4-building block in annulations to cyclanones, here: cyclohexanone (STORK 
isoxazole annulation). 

First, cyclohexanone is alkylated by 32 giving rise to the masked triketone 33. On 
catalytic hydrogenation of 33, the isoxazole ring is reductively opened to give the 
enaminone 34, which cyclizes in situ to the enamine 35. On treatment with aqueous 
NaOH, 34 is converted to the 1,5-dione 36 (by enamine hydrolysis and “acid cleavage” of 
the 1,3-dicarbonyl system of the triketone intermediate), which undergoes base-induced 
intramolecular aldol condensation to the bicycloenone 37 (in analogy to a ROBINSON 
annulation) [317]: 


Hp 
32 33 34 
— | 
—H,O N = ~=CH,COOH = oo 
I 
35 H 


(3) The conversion of B-ionone (38) into its structural isomer B-damascenone (42) [318] 
is an example of the 1,3-transposition of a C=O group within an «,6-unsaturated carbonyl 
system: 
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fo) | oN 
NN H,NOH NN lb = 
oe ——_> 
—H,O —2H 
38 39 40 
O NH, O 
+4H a 
> 
—NH 
41 42 


B-Ionone is converted into its oxime 39, which is oxidized to the isoxazole 40 by 
reaction with I,, KI, and NaHCO; in THF/water. Compound 40 is converted into 
B-damascenone (42) by reductive isoxazole ring-opening with sodium in liquid NH; in 
the presence of tBuOH without isolation of the intermediate B-amino ketone 41. This 
1,3-C=O-transposition is again due to the potentiality of isoxazole to act as a masked 
1,3-dicarbonyl system. 

(4) Numerous synthetically relevant ring transformations of isoxazoles to other hetero- 
cyclic systems are known, as illustrated by the following examples. 

(a) The (N-3-isoxazolyl)thiourea 43 undergoes thermal isomerization to the 
1,2,4-thiodiazole 45, presumably via nucleophilic attack of the external C=S group at 
the isoxazole N-O bond accompanied by proton migration and tautomerization in the 
intermediate 44 [319]: 


H Hy (1) ~H* 
2) taut i- 
IX, NN-Ph j My Neen sation | HSCS 
= \ 
HsoNaeN S > | Hae Os i _— — O N.S NH-Ph 
43 44 45 


(b) 3,5-Diphenylisoxazole (46) is isomerized to 2,5-diphenyloxazole (47) by photolysis 


[320]: 
H Ph H 
hv, 254 N 
46 me v, 254 nm ae 47 
Ph—Nov Ph~\o7 Ph 
hy, > 300 nm hv A 
250 nm ' 
Ph 
\ H N Ph 
4g oH N I S49 
Ph me = 
5 Ph~ ~OL. 


Variation of the photolysis conditions leads to the 3-benzoyl azirine 48 as (isolable) 
intermediate in this photoisomerization, whose conversion to the oxazole 47 is likely to 
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occur via electrocyclization of a 1,5-dipolar species 49 resulting from 48 by C—C opening 
in the azirine ring. 


5.28 
4,5-Dihydroisoxazole 


4,5-Dihydroisoxazole has previously been known as A?-isoxazoline or 2-isoxazoline. 


Among the reactions of 4,5-dihydroisoxazoles, base-induced or reductive ring-opening as 
well as dehydrogenation are synthetically relevant [321]. 


(1) 4,5-Dihydroisoxazoles 1 with a free 3-position undergo ring-cleavage on treatment 
with a base to give B-hydroxynitriles 2: 


R\ UH RCN 
base 
\( 
' 2 N a ae . 


R O R2” ~OH 
A 
base '—Ht i 
' ' + 
Y +H 
R\ 9 Ri__CN 
Vv be 
Nig Sea om © 
R? - R27 Ol 


In analogy to isoxazoles (cf. p. 187), base-induced 3-deprotonation, followed by 
ring-cleavage at the N—O bond and reprotonation, leads to the products 2. 
(2) Reduction of 4,5-dihydroisoxazole can be carried out by various methods and leads, 
again in analogy to isoxazole, to ring-opening at the N—O bond. 
(a) Hydrogenation with Raney Nior Pd/C in the presence of boric acid in methanol/water 
at room temperature gives rise to B-hydroxy ketones 4: 


R! R2 R! R? R! R? 
+ Hy + H,O 
f ECan 
NARs HN Re —NH, 2) - 
O HO HO 
3 4 


Hydrogenolysis of the N-O bond results in the formation of a B-hydroxyimine (3), 
which under the reaction conditions is hydrolyzed to 4. The configuration at C-atoms 4 
and 5 in the isoxazoline educt is preserved in the product 4. 
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A special reagent for ring fission of 4,5-dihydroisoxazoles to give §-hydroxy ketones is 
Mo(CO).¢ in acetonitrile/water [322]. 
(b) 4,5-Dihydroisoxazoles yield B-amino alcohols 5 when reduced by sodium in ethanol 
or by NaBH, and NiCl, . 6 H2O in methanol at —30°C. As in (a), the configuration of 
the C-atoms 4 and 5 of the isoxazoline is preserved in the product of ring-opening 5. 


R! R? 
+2H, 
ND. HpN & 
O 


For the dehydrogenation of 4,5-dihydroisoxazoles to isoxazoles, oxidation reagents like 
NBS, KMnO, in acetone, or NiO, can be employed. 


(1) 4,5-Dihydroisoxazoles of the type 7 are obtained by cyclocondensation of 
a,B-unsaturated carbonyl compounds with hydroxylamine; intermediary products are 
the oximes 6. 


Re R? 


R2 
O SN \ 
| + H)NOH —y97 > | 4. | — > N 
1 2 R! 0” 
7 


(2) The standard synthesis for 4,5-dihydroisoxazoles is the 1,3-dipolar cycloaddition of 
nitrile oxides to alkenes [323]. Since 1,3-dipolar cycloaddition of nitrile oxides proceeds 
in concerted fashion [324], the configuration of the alkene is retained in the cycloadduct. 


R2 R! 
2 
+ Rew << Z N 
R O° 


1 2 1 
R R R R? = electron acceptor 
+ AYR? ——> ( nf + \ or 
Re ra of electron donor 
major minor 


Monosubstituted alkenes, regardless of the electronic nature of the substituent, afford 
3,5-disubstituted isoxazolines predominantly. 

With acrylic acids, a remarkable reversal of regioselectivity is observed when the 
dipolarophile is attached to 8-cyclodextrin [325]. For instance, the direct cycloaddition of 
(4-tert-butyl)benzonitrile oxide (8) to acrylic acid gives rise to the isoxazolines (9/10) in 
a ratio of 20: 1 in favor of the 3,5-disubstituted product 9. However, when acrylic acid 
esterified with the OH-group at the 6“-position of B-cyclodextrin is reacted with 8, the 
isoxazolines (9/10) are obtained in a ratio of 1 : 20 in favor of the 3,4-disubstituted product 
10 after removal of the cyclodextrin by alkaline hydrolysis. The reversed regioselectivity 
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is explained by a temporary association of the nitrile oxide with the cyclodextrin via an 
inclusion complex 11, which is responsible for a preorientation of the reactants before 
1,3-dipolar cycloaddition: 


Ar HOOC. Ar 
eo . THF, 25 °C rx 
Ar-C=N-O° + A ScooH ————> re : N 
HOOC\,y Oo” 
9 10 
Ar = oo ye 
t ) NaOH, - CD 
B-cyclodextrin (CD) He /H,O 
Ar (CD)OOC 
8, H,O \ 
coop) LA ae N 
bD)00C~ So’ o 


(oJe) 


i 
VA “= 11 


Interestingly, with (E)-crotonic acid the cyclodextrin-mediated cycloaddition of 8 leads 
exclusively to one regioisomer (13), while the direct cycloaddition gives a 1 : 1-mixture of 
both regioisomers (12/13): 


H3C, Ar HOOC 
B+ MC AXcogy ———> 1 4 } xf 
HooC™\,/N HsC""NoyN 

12 (1213>1:100) 13 


a,B-Disubstituted acrylimides 14 (with (Z)-configuration of the CH3-groups) undergo 
1,3-dipolar cycloaddition with mesityl nitrile oxide catalyzed by LEwts acids like Mg(ClO4)2 
or Cu(ClO,4)2, which in the presence of a chiral bisoxazoline ligand leads to formation of 
cycloadducts 15 with complete regioselectivity and high enantioselectivity [326]: 


O 
A A Jigar 
R yon + ——> R ou 
CH, 7 
14 (Mes) 15 
Primary nitro compounds, preferentially when EWG-substituted in a-position, are 


susceptible to Cu(II)-catalyzed cyclocondensation with olefins in the presence of 
N-methylpiperidine (NMP) to afford 4,5-dihydroisoxazoles [327]: 


R! 
Cu(OAc),, NMP 
R'~ NO + R2S peste et Gane \ (R2 = Ph, EWG) 
—H,O 2 UN 


R* *O 
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For the mechanism of this isoxazoline formation, see p. 189. 

O-Propargylic hydroxylamines 16 are converted to the isomeric 3,5-disubstituted 
isoxazolines on treatment with K,CO3; [328]. The mechanism of this transformation is 
not yet elucidated. A possible explanation involves (2,3)-sigmatropic rearrangement of 
16 to a N-allenic hydroxylamine 17, which may further rearrange to a a,f-unsaturated 
oxime 18; in analogy to (1), cyclization gives rise to the isoxazoline system: 


R! 
2 
Ri 4 K,CO 3, MeOH, A . LX 
O-NHp = HCI — HCl R? 0” 
16 
* 1 a” 
«4 R! R2 ae se 
ee > & 
— a i 
OH 17 OH 48 


The 4,5-dihydroisoxazole structure is found in some pharmacologically interesting natural 
products, for example, in the antibiotic cycloserin (19), which is used in the treatment 
of tuberculosis. It is also found in the antibiotic acivicine (20), an a-amino acid with 
antitumor activity. 


© Xo) 
HsN. Ol ® 4 a 
H3N \ 
NN Hous os 
O° S006 
19 20 


The following examples may illustrate the potentiality of the “isoxazoline methodology” 
[329] utilizing characteristic isoxazoline transformations in organic syntheses. 


(1) Ina synthesis of flavanones [330], salicylaldoxime (21) is converted to the hydrox- 
amic acid chloride 22 by reaction with NCS. The nitrile oxide, formed from 22 on 
treatment with KHCO3, undergoes regioselective cycloaddition to styrene to afford the 
3,5-diarylisoxazoline 23. Catalytic hydrogenation of 23 leads to the §-hydroxyketone 25, 
which after acid-catalyzed dehydration cyclizes to the flavanone 24. 


OH 

‘ OH e 
y NCS N Z7~Ph nS 

H CHCl, KHCO Bn 
——eeee ee Cl gee 
H 
OH OH O 
21 22 


24 


23 
O OH 
(1) H*, -H,O Ph H, 
(2) cyclization Raney-Ni 
<< __§___ 
O Ph OH 
25 
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(2) Ina synthesis of higher monosaccharides [331], the alkene 27 (readily available 
from p-glucose) is subjected to cycloaddition with the nitrile oxide, prepared in situ 
from the hydroxamic chloride 26 by dehydrohalogenation with NEt;. A mixture of two 
diastereomeric isoxazolines results, in which the (5R)-compound 28 predominates and 
can be separated by chromatography. In 28, the ethoxycarbonyl group can be reduced 
chemoselectively by NaBH, to give the (3-hydroxymethyl)isoxazoline 29. On catalytic 
hydrogenation, 29 affords the B-hydroxyketone 30, which on reduction with NaBH, leads 
to a mixture of 6-deoxyoctose derivatives with an excess of the (7S)-epimer 31: 


N-O N- 

O. 0 EI00c< | 26 n oO re) (a) I] Oo Ke) 
7X) NEt, EtoOC NaBH, 4 
w LX 

BnO ie) BnO’ BnO 
27 28 29 
O OH OH OH 
HO fe) HOL 4 fo) 
H, (Pd/C, B(OH),) "O NaBH, ae) 
SS= a 'e % 
BnO on BnO oX 
30 31 


(3) In a synthesis of benzvalene-3-carbonitrile (34) [332], benzvalene (32), a highly 
strained benzene valence tautomer, is subjected to 1,3-dipolar cycloaddition with fulminic 
acid H-C=N-O, the parent compound of the nitrile oxide family (generated in situ from 
formhydroximoyl iodide/NEt;). The cycloadduct 33 on treatment with NaOCH; affords 
the a-hydroxy nitrile 35, which is converted to the tosylate and finally to the «,B-unsaturated 
nitrile 34 by elimination of TosOH with KO#Bu. 


(1) TosCl, pyridine 
CL 50°C ay (2) KOfBu OH 
CN typ ~ 11h > -CN 
4 H 


Overall, in this sequence a cyano group is introduced at the C=C bond of an olefin by 
utilizing base-induced ring-opening of a 3-H-substituted isoxazoline moiety. 
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5.29 
2,3-Dihydroisoxazole 


a3 
OS ONH 
O 


AB 2,3-Dihydroisoxazole has also been known as A*-isoxazoline or 4-isoxazoline. 
9 
4-Isoxazolines, in general, are unstable and very reactive compounds [333]. 


(1) A typical reaction of 4-isoxazolines is their ring transformation to 2-acylaziridines 1 
by thermal isomerization: 


' 
RI R2 7 R! : c R 
R CH,I 2 
R70” 7R® R~So 
R*” *O : A 
1 R! 
R i 2 a R? 
, 6 [AKO 
(Nowe | = rN 
R~No’ HI R O7\ 
CH ICH» 
4 i) 
2 3 


(2) 4-Isoxazolines react with iodomethane to give a,f-unsaturated ketones, 
formaldimines, and HI [334]. A reasonable mechanistic interpretation of this 
ring-cleavage reaction involves N-quaternization (— 2), formation of an N-ylide 3 by loss 
of HI and fragmentation of 3 leading to enones and imines of CH20. 


Cc 
(1) The classical synthesis of 4-isoxazolines is the 1,3-dipolar cycloaddition of ni- 
trones (4) to alkynes (Huisgen synthesis) [324]. Unsymmetrical alkynes give mixtures of 


regioisomers. 
© © R R 
_ Ay @,0 R® - ,O a — 
R—==-R _ + Ker —_— pe ‘C-NZ —> R \ 
R2 R3 R2 R38 R2 N’ 
4 i 


Azine-N-oxides, for example, isoquinoline- N-oxide (5), in which a nitrone structural 
unit is integrated, are susceptible to 1,3-dipolar cycloaddition with alkynes, for example, 
with methyl propiolate: 
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S S 
ocala 7 =<~——— 8 No 


io) 
COOMe 
MeOOC H 


As an anelated 2,3-dihydroisoxazole, the cycloadduct 6 is thermally isomerized to the 
3-formyl aziridine derivative 8, which undergoes further isomerization to the isoquinoline 
betaine 7 by aziridine ring-opening and heteroaromatization. 

(2) Propargylic N-alkylhydroxylamines 9 can be efficiently cyclized to the isomeric 
2,3,5-trisubstituted 4-isoxazolines 10 in the presence of ZnI, and DMAP [335]: 


R, N -OH 
~w 9 Znl,, DMAP ah bce 
1 oe 
R S 
1 R? R' 
A 
(1) ~H* 
y (2) - [Zn] 
ih 
Rix 201 i 
N ) R, OLR? 
RI a satel aerate > 12 / 
oX\pe 1 
[znj* R R [Zn] 


As a working hypothesis it can be assumed, that Zn(II) participates in the complexa- 
tion and activation of the alkyne triple bond for subsequent cyclization via intermediates 
11 and 12. The educts 9 are readily prepared [336] by dialkylzinc-assisted alkinyla- 
tion of nitrones.It should be noted that N-Boc-O-propargyl hydroxylamines undergo 
Au(1)-catalyzed hydroaminative cyclization leading to 2,5-dihydroisoxazoles [337, 338]. 


5.30 
Thiazole 


Thiazole (1,3-thiazole) possesses a pyridine-like N-atom and an S-atom as present 
in thiophene. The univalent radical is known as thiazolyl. The thiazole molecule 
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187.29) Figure 5.13 Structure of thiazole (bond lengths in pm, bond an- 
136.7/1158,. \130.4 gles in degrees). 
109.6 115.2 
171.3889.3171.3 
iS) 


is planar and the C-S bond length is 171.3 pm, similar to that in thiophene (see 
Figure 5.13): 

A comparison with the bond lengths of oxazole (see Figure 5.9, p. 167) leads to the 
conclusion that the delocalization of the m-electrons in thiazole is greater. Thus, the 
aromaticity of thiazole is greater than that of oxazole. The ionization potential is 9.50 eV 
and its dipole moment 1.61 D. UV and NMR data are listed in the following table: 


UV (ethanol): A (nm) (€) 1H NMR (CCl,): 5 (ppm) 13CNMR (CDCl): 5 (ppm) 
207.5 (3.41) H-2: 8.77 C-2: 153.6 
233.0 (3.57) H-4: 7.86 C-4: 143.3 

H-5: 7.27 C-5: 119.6 


This shows that a diamagnetic ring current is induced in the thiazole molecule during 
NMR experiments. 

From its structural and spectroscopic data, thiazole fulfills the criteria for aromaticity. 
In its electronic structure, four 2p,-orbitals and one 3p,-orbital form delocalized 1-MOs 
to which the three C-atoms and the N-atom each contribute one electron and the S-atom 
two electrons. One can also consider the possibility of spd-hybridization for the S-atom. 
Calculated 1-electron densities are as follows: 


0.960__\y1.190 
rood om 
a 


Thiazole is a m-excessive heteroaromatic system, but the m-excess is concentrated 
mainly on the hetero-atoms. From the z-electron density distribution the prediction 
that electrophiles should attack at S, N, or at the positions 4 and 5, respectively, but 
nucleophiles at the 2-position seems to be justified. The following reactions are typical 
for thiazoles. 


(1) Reactions with electrophilic reagents 


(a) Thiazole (pK, = 2.52) is more basic than oxazole (pK, = 0.8), but less basic than 
pyridine (pK, = 5.20). Thiazole is protonated at the N-atom to give thiazolium salts; in 
analogy to oxazole, quaternization with alkyl halides leads to N-alkyl thiazolium salts: 


HH 
Cele GB [CF 
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(b) As in oxazole, the pyridine-like N-atom impedes S;Ar-reactions. Thus, thiazole itself 
cannot be halogenated and nitrated. Donor substituents enhance S,Ar-reactivity; thus, 
2-methylthiazole is brominated and nitrated in the 5-position, 5-methylthiazole is nitrated 
in the 4-position and 2,4-dimethylthiazole in the 5-position; the relative SpAr-reactivity 
in nitrations is 3 > 1 > 2: 


HNO, H.C. 


N H,SO, N 
DS Sead me co | ce (ON Oe 
HNO, ON HNO, 


N H,SO, es H,SO, “Tu! 
eS Seg Pron Ton Pony 
2 


Sulfonation of thiazole requires the action of oleum at 250°C in the presence of 
Hg(II)-acetate as activator and leads to the 5-sulfonic acid. 


(2) Reactions with nucleophilic reagents 


(a) 2-Halogenothiazoles undergo nucleophilic substitution of halogen in analogy to 
oxazoles, for example: 


N NaOCH,, CH,OH N 
Eo = ao CD 6c, 


NaCl 


However, nucleophilic substitution by replacement of hydrogen is possible at thiazoles 
unsubstituted in the 2-position with reagents of high nucleophilicity (cf. pyridine, p. 352), 
for example, with NaNH): 


R rh Na® 


A 
Th, — am Sa Tv 


(b) N-Quaternization strongly enhances the reactivity of thiazoles toward nucleophiles, 
as illustrated by the following examples: 


(i) N-Alkylthiazolium salts unsubstituted in the 2-position can be deprotonated by 
tertiary amines in H2O to give N-ylides 4, as recognized by deuteration in the presence 
of D20 [339] (cf. p. 221): 


ate oo Tbe |e po Bae 
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(ii) Nucleophiles like hydroxide ion undergo addition at the 2-position of 
N-alkylthiazolium ions (5) followed by ring-opening to the enthiolate 7: 


® R WR R 
N’ o) + OH NO 
{ ly as as = C6: 7 ( Gr 
H SH 
5 
HO tes Ht 
ree _ “NSS | N ‘ 
1MNaOH_ ff Sy 2. i. Roe 
_e s° 
6 7 


In the case of an N-alkyl residue with a terminal leaving group, for example, 
R=CH)-CH)-CH)-I, intramolecular S-alkylation of the ring-opening product 7 is 
observed, which in the example given leads to the thiazepine derivative 6 [340]. 


(c) In this context, the CH-acidity of 2-alkylthiazoles should be mentioned, which 
are deprotonated by strong bases at the a-position of the alkyl group; the resulting 
mesomerically stabilized carbanions 8 react with electrophiles, for example, C=O groups 
of ketones, giving rise to carbinols 9 [341]: 


(1) + No =O 
a R 
lig. ae N 6 N (2) H,0  \ 
ae = ee / Ls nq — / >= oe DK 
CH, -H S CH, Ss CHs Ss 
8 9 


(3) Metalation and metal-mediated reactions 


(a) Thiazoles unsubstituted in the 2-position undergo 2-H-metal exchange with organo- 
lithium and organomagnesium compounds [342], for example: 


R! R' 
N R-Li Da _ R- eee Da 
m0 Li — R' oS and go Mox 


The 2-metalated thiazoles can be utilized for the (electrophilic) introduction of other 
functionalities (e.g., by carboxylation, alkylation, halogenation, etc.). 

When the 2-position is occupied like in 2-phenylthiazole, metalation with nBuLi occurs 
readily in the 5-position. The 5-metalated species 10 opens access to 2,5-diarylthiazoles 
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12 by reaction with nBu3SnCl (11) and subsequent Pd(0)-catalyzed St1tte coupling 
with aryl halides [343]: 


N F N N 
oof / \ Seun, SL aa 
c a py __-80°C, THF ll : Svpp | —B4SMCl, Bu sn / : = 
10 11 


Ar-l 
PdCl,(dppf)-CH,Cl,/PPh, N Ar-X 
Ag,CO,, HO, 60 °C ll: pe CsF, Pd(PPhs), 
: ee Ar S Ph s 
dppf = diphenylphosphanylferrocene (X = Br,l) 


Alternatively, 2-phenylthiazole was found to be susceptible to direct Pd(II)-catalyzed 

5-arylation with aryl iodides in the presence of Ag,CO3 as a base in a highly efficient 
procedure in aqueous medium [344]. 2-Phenyloxazole is analogously 5-arylated and 
2-(n-propyl)thiazole is 5-arylated in a ligand-free Pd-catalyzed process (Pd(OAc)2/KOAc) 
[345]. 
(b) The direct 2-arylation of thiazoles is possible by two methodologies, namely (i) by 
Pd(II)- and Cu(I)-mediated reaction with aryl iodides under ligandless and base-free 
conditions [346] and (ii) by Cu(I)-catalyzed reaction with aryl iodides in the presence of 
Li-tert-butoxide [347], for example: 


Ar-l, 


N F N 
Il \ o-. Cul (2 equiv.), Pd(OAc), (cat.) 
Ci - ee ‘eer 


Ar-l, 


H3C H3C Z 
N LiOtBu, Cul (cat.) 
LO" as, Da \ 
woh H3C sonar 


(4) Oxidation and cycloaddition 


(a) In contrast to thiophene (cf. p. 96), S-oxidation of thiazole has not yet been reported. 
Instead, action of peracids on thiazoles leads to formation of N-oxides (in analogy to 
pyridines, cf. p. 360), for example, 13. Thiazole-N-oxides of type 13 can be halogenated 
in the 2-position by NCS or NBS [348]. 


R @0° 


eg eee R'—CO.H wae NX J, 


Ss (X = Cl, Br) 


(b) In contrast to oxazoles (cf. p. 170), Diets-AtpER reactions with thiazoles as 
2-aza-1,3-dienes are not known. However, 4-alkenylthiazoles 14 show 1,3-diene reactivity 
with participation of the thiazole C-4/C-5 bond and the side chain double bond. For 
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instance, thermal (4 + 2)-cycloaddition of 14 with N-substituted maleinimides proceeds 
with a high level of endo-stereoselectivity to the D1ELs-ALDER adduct 15, which is trans- 
formed under the reaction conditions into the thiazole derivative 16 by 1,3-H-migration 
[349]: 


; R! R! 
R s 
O _ O mz) fe) 
FY . NJ nd NA a 
A + || N-R3 ———» N-R? | ————~ N-R8 
S H z a : a 
‘ Oo R2 O R2 Oo 
14 R 15 16 


The methods used for the synthesis of thiazoles [350] are closely related to those applied 
in the synthesis of oxazoles. 


(1) (a) The cyclocondensation of (a-halogeno)carbonyl compounds with thioamides 
gives a flexible access to thiazoles (17) with considerably wide scope (Hantzsch synthesis): 


1 
na : NH5 li " 17 
> 2 \ 3 
Rr? x cA ne . a 
A bax 
| -H,0 
OH 
1 
RL7O a é R! OH ‘ NH S) 
B Se ae Bs iL. | ie eeceee ~ TRA ' |X 
RS" Re Be Ss Re HS 
18 19 on 


In the mechanism of the HANTzscH synthesis, primarily nucleophilic displacement 
of halogen in the a-halogeno carbonyl system by the thioamide C=S functionality 
takes place. The resulting S-alkyliminium salt 18 cyclizes after proton transfer N > O 
(18 — 19) and carbonyl activation to the salt 20 of a 4-hydroxy-4,5-dihydrothiazole, which 
is converted to the thiazole 17 by elimination of HzO and HX. 

(b) Numerous modifications of the HaANtTzscu synthesis are known [351]. 

N-Substituted thioamides cyclocondense with (a-halogeno) carbonyl compounds to 
give N-substituted thiazolium salts 21, salts (or esters) of dithiocarbamic acid yield 
2-sulfanylthiazoles 22, and thiourea affords 2-aminothiazoles 23: 
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RA R! R! 
HN’ No 
+ Ap HO [RP ee apo 7 
“RL | sit R! r 
wk, : + Fei “4,0. ea a 22 
Betatsa : — [NH,]X 
NH, a 
+ sAnn, HO oe . 


(2) For the synthesis of 2-aminothiazoles, aside of the Hantzscu principle, methods 
based on thiocyanate or isothiocyanate transformations have been reported. 

(a) a-Halogenoketones react with silica-supported KSCN and alumina-supported acetates 
of primary amines to give 2-aminothiazoles of type 24 in an efficient one-pot synthesis 
[352]: 


i 1 
“ KSCN/SIO, benzene, 80 °C ‘ N 
+ “+ ae ij \ 
i _ _R® 
Rex” | R8-NHs| OAc/AI,O3 mee R? N 
i —H,0 24 
— KX! ~<--"" 
| ! M1) Ht 
i | ' (2) -H,0 
Ri 20 1 1 OH® 
Lt es a ee \' 
R2-So™ —HOAc R2-Ss ner R2 goon 
H H H 
25 26 27 


If unsupported reagents are used, only a trace of product is obtained, thus exclud- 
ing a “normal” Hantzscu synthesis for 24 via thiourea formation. Instead, halogen 
displacement and cyclization of the a-isocyanatoketones 25 via 26/27 seems to be 
reasonable. 

(b) Aliphatic and aromatic isothiocyanates react with aminobutynoates 28 in a 
base-induced cyclization sequence providing 2-aminothiazoles of type 29 [353]: 
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COOEt R! i 
NEt,, THF, 25 °C 
28 || 4 R?-N=c=s §©=———————— ho ys? 
H 
R' NH, EtOOC a6 
eee ers: A 
Y 
COOEt EIO0C ' COOEt 
li base base S 
Sweet eeeee > C Sees eettee > Py 
AL re AL A re aty>n? 
R! N a R N N H 
H oH H oH 
30 31 32 


This process can be rationalized via addition of the propargylic NH) group to the 
isothiocyanate affording the thiourea 30, which isomerizes to the allenic enaminoester 
31. Nucleophilic ring-closure by attack of the C=S function on the allenic sp carbon (pre- 
sumably via an isothiourea intermediate) leads to the exomethylene 4,5-dihydrothiazole 
32, which aromatizes to the thiazol system 29. 

(3) a-Aminonitriles undergo cyclization reactions with CS, COS, and salts or esters of 
dithiocarboxylic acids under mild conditions to afford 2,4-disubstituted 5-aminothiazoles 
33/34; with isothiocyanates, 2,5-diaminothiazoles 38 are formed (Cook-Heilbron synthesis) 


[354]: 
R R 
N N 
I a} 
HN go7SH aA HoN son 
6 CS, ~ a 7 
RH *7—HSR" 
NH‘ 
a. 
rN ON "Non 
ao ae. ne Oe 
c s R'-N=C=S HINNg N’ 
MT 
N 3. y H H H 38 
May TS R a Ri 7 
ie Ge dee N 
C_ SH Paik 
N 36 37 


As exemplified for the isothiocyanate cyclization (+35 — 36 — 37 — 38), intermedi- 
ates of the isothiourea-type (36) are likely to be responsible for the thiazole formation by 
addition of SH to the cyano group of the aminonitrile moiety. 


5.30 Thiazole | 207 


(4) In analogy to thiophene formation (cf. p. 96), thiazoles (mainly of the 
2,5-disubstituted type) are obtained from (a-acylamino)ketones by “‘sulfurization” with 
P4Si9 and subsequent cyclodehydration (Gabriel synthesis): 


NH PS N 
a Ya ere pi hee 


Thiazole is a colorless, water-soluble, putrid-smelling liquid, mp —33 °C, bp 118°C. [D] 
2-Aminothiazole forms colorless crystals of mp 90°C. 2-Aminothiazole is susceptible to 
azo coupling (as SgAr process) with diazonium salts in the 5-position; it can be diazotized 
at the NH) group, and the diazonium salt can undergo reduction and SANDMEYER 
reactions to 2-halogeno- and cyanothiazoles. 
Among the natural products derived from thiazole, thiamine (39; aneurine, vitamin 
Bi, a N-heterobenzylic thiazolium salt) is of great importance: 


io} 
Cl N Y = OH thiamine 
H,C ® ne \—ch, | se 
=N i i 
Y = O-P-O-P-OH 
OH OH 
39 thiamine diphosphate 


N 
\ 
Y-CH-CH, - HoN 


Thiamine occurs in yeast, in rice husk, and other cereals. Deficiency of vitamin B, causes 
beriberi and damage to the nervous system (polyneuritis). The daily adult intake should 
be about 1 mg vitamin B;. 

Of the two heterocyclic moieties present in thiamine, the thiazole ring is responsible 
for the biological function of thiamine diphosphate as the coenzyme of decarboxylases. 
The mechanism of catalytic decarboxylation (e.g., of pyruvic acid to acetaldehyde) was 
interpreted by Brestow in 1958. The active species is the N-ylide 40 formed from 
thiamine diphosphate and basic cell components: 


H3C ® JCHoR' H3C. eer és 
ol \ + HyN-R ~«~—— soll Ny + H,N-R 
R?Ng R?—Ng~/o 
40 
; 
H3C aoe He ok H3C. @ Ste 
eX E+ SO eRe To 
= 2 
HOOC er 
oy 2 
HaC eHeR H3C © Pr H3C. @ ,CH»R 6H 
+H Y CH 3 
R? aie . ‘Ea Ht ro Mo + oA 
OH om 40 
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This is an example of nucleophilic catalysis. The adduct from the ylide and pyruvic 
acid eliminates carbon dioxide to give an enamine which accepts a proton on its 
exocyclic C-atom. Upon removal of a proton, this intermediate product decomposes to 
the nucleophilic catalyst and acetaldehyde [355]. 

Compounds structurally similar to thiamine, for example, 5-(2-hydroxyethyl)-3,4- 
dimethylthiazolium iodide (41), catalyze the condensation of aldehydes to acyloins in the 
presence of NEt3 [356]. Like the cyanide ion, the corresponding thiazolium ylide acts as 
a catalyst, establishing a methodology of “nucleophilic acylation” (STETTER reaction). 

Some thiazoles occurring in nature possess an aromatic odor, for instance 
4-methyl-5-vinylthiazole in the aroma of cocoa beans and passion fruit, 2-isobutylthiazole 
in tomatoes, and 2-acetylthiazole in the aroma of roasted meat. 

Many thiazole derivatives are used as pharmaceuticals; for instance, 
2-(4-chlorophenyl)thiazole-4-acetic acid (42) is an anti-inflammatory agent, and 
niridazol (43) is applied in the treatment of bilharzia (schistosomiasis). 


H3C @® (Hs CH,—COOH 


O 
N lj N 
AOF owhho 


HOH2C —-CH5 Ss 
41 42 43 


5.31 
Benzothiazole 


Benzothiazole (1,3-benzothiazole) shows the following UV and NMR spectra: 


UV (ethanol): A (nm) (¢) 1H NMR (CDCI3): 5 (ppm) 13CNMR (DMSO-dg): 5 (ppm) 
217 (4.27) H-2: 9.23 C-2: 155.2 C-3a: 153.2 
251 (3.74) H-4: 8.23 C-4: 123.1 C-7a: 133.7 
285 (3.23) H-5: 7.55 C-5: 125.9 
295 (3.13) H-6: 7.55 C-6: 125.2 

H-7: 8.12 C-7: 122.1 


(1) Reactions with electrophilic reagents 


Benzothiazole (pK, = 1.2) is a weaker base than thiazole (pK, = 2.52). Protonation 
occurs at the N-atom; alkyl halides give N-alkylbenzothiazolium salts. 
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Electrophilic substitution occurs only in the benzo part of benzothiazole; nitration, for 
instance, with HNO3/H2SO, at room temperature affords a mixture of all possible (4, 5, 
6, 7) monosubstitution products. 


(2) Reactions with nucleophilic reagents 
(a) As in the thiazole series, 2-halogenobenzothiazoles undergo nucleophilic displace- 


ment reactions with O-, N-, or S-nucleophiles, for example, 2-chlorobenzothiazole (1) 
with methoxide ion: 


N N 
NaOCH,;, CH,0H 

S—cl sued S—OCH 

Cl. — NaCl o es 7 


1 2 


The SyAr-reaction 1 — 2 proceeds about 400 times faster than the corresponding 
substitution with methoxide at 2-chlorothiazole. 
N-Alkylbenzothiazolium ions are readily ring-opened by hydroxide ion [340]: 


4 i i 

C) N-CH=O 
NG NH 
s os Ss’ ‘OH SH 


The resulting thiophenols 3 have been utilized for the synthesis of 
benzo-N,S-heterocycles (in analogy to thiazolium ions, cf. p. 202). 
(b) 2H-Benzothiazoles can be metalated in the 2-position, for example, by nBuLi or 


tBuMgxX [357]: 
N ‘ N 
CL YH nBuLi CL Yi 
Ss s 


(c) 2-Alkylbenzothiazoles, like 2-alkylthiazoles, show marked CH-acidity. They are de- 
protonated in the heterobenzylic a-position by strong bases, for example, nBuLi; the 
Li-compounds (azaenolates) thus generated can take part in aldol addition to aldehydes 
or ketones or in CLaIsEN condensations [358], for example: 

(1) Ph-CHO 


N N N OH 
CL fis — | Cx S—CHpLi can Cs. 
s 


The CH-acidity-based side-chain reactivity of the corresponding 2,N-dialkylbenzo- 
thiazolium ions is even more pronounced. An instructive example is the condensation 
of two molecules of the 2,3-dimethylbenzothiazolium ion 4 (available as methosulfate 
by alkylation of 2-methylbenzothiazole with (CH30)2SOz) with triethyl orthoformiate in 
pyridine, which leads to the pentamethine cyanine dye 5 [359]: 
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CH, HC(OEt)., pyridine CHs 
5 N® [CHjOSOg)” dace Cute ine are 
a 
Cl. mnie: 
iS CH 
4 5 
a r 
Y 144 
CH i (H*) 
ride gee ‘ ° !—2 HOEt 
dept ek > C-CH(CEt) 
Oa 2 HOEt am ‘ 
6 7 


Deprotonation of 4 gives rise to the ketene-S,N-acetal 6, which undergoes 
proton-catalyzed condensation with the orthoformate via the nucleophilic CH2-group 
(—7). The intermediate 7 reacts analogously with the second 2-methylbenzothiazolium 
moiety to afford the cyanine system 5, in which finally (for preparative reasons) the 
methosulfate anion is exchanged by tetrafluoroborate. 


(1) By analogy to the standard synthesis of benzoxazoles (cf. p. 180), benzothiazoles are 
synthesized [360] by cyclocondensation of (2-amino)thiophenols with carboxylic acids or 
esters, with orthoesters in the presence of the acidic montmorillonite KSF clay catalyst, 
practicable also for the synthesis of benzoxazoles and benzimidazoles [361] or with 
aldehydes in the presence of an oxidant [362]: 


The cyclocondensation with carboxylic acids proceeds via (isolable) (2-acylamino)thio- 
phenols 8 as intermediates. 
(2) 2-Arylbenzothiazoles are obtained by intramolecular oxidative cyclization of 
N-arylthioamides 9: 


H Ar 
N—< 
ae S Ss oxidant . Be S65) 
I 1 
Za 4 -2H Z~s 


9 10 
A 
a! : 
y 
N Ar NN N Ar 
R' cS as sae a a bi gbeceee > 
\Z SH -H Po) 
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This cyclization can be promoted by K3[Fe(CN)6]/NaOH, by hypervalent iodine 
compounds like the DEss-MartIn periodinane [363] or by 2,3-dichloro-5,6-dicyano- 
1,4-benzoquinone (DDQ) [364] as oxidants. As a common mechanistic feature, the 
oxidant attacks at the thioiminol 11 (tautomeric with 9) to produce the radical 12, 
which undergoes 1,5-radical cyclization followed by oxidative aromatization of the radical 
intermediate 13 to the benzothiazoles (10). 

Likewise, benzothiazole synthesis from thioamides 9 has been accomplished by a 
Cu(I)/Pd(II)-mediated ortho-C—H-functionalization/intramolecular C-S-bond formation 
process [365]. 

(3) 2-Substituted benzothiazoles are formed in a Pd(0)-catalyzed cross-coupling se- 
quence from 2-bromoanilides 14)and §-mercaptopropionate 15 as SH-transfer reagent 
[366]: 


NY" fe) Pd,(dba), / Xantphos (cat.) N 
DIPEA 
XN 
cr ae Se Cl 
Br Bu 

14 15(Ri=---< i 
Et : 

Y | TFA 


16 OR’ 17 


Primary coupling products are the (f-thioaryl)propionates 16; their cleavage 
in a base-induced f-elimination process produces (aside from acrylate) the 
(2-aminoacyl)thiolates 17, which cyclize to benzothiazoles on treatment with TFA. 


Benzothiazole is a colorless liquid, bp 227 °C, sparingly soluble in water. It is an aroma [P| 
constituent of cocoa beans, coconuts, walnuts, and beer. 

Luciferin (18), which occurs in fireflies and glowworms, upon enzymatic oxidation 
causes bioluminescence in these insects [367]. 


Cl (CH»-COOH 


Iga 4 Saas N 

N ale 

HO ss =o 
S 49 


18 


The herbicide benazoline (19) is an example of a synthetic benzothiazole derivative with 
biological activity. 

Polymethine dyes derived from benzothiazoles are employed for the spectral sensiti- 
zation of photographic emulsions. 

2-Mercaptobenzothiazole (20) is used as an accelerator in the vulcanization of 
polybutadiene and polyisoprene, acting as a radical transfer reagent. It is produced 
industrially from 1-chloro-2-nitrobenzene in a sequence of SyAr by sodium sulfide, 
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concomitant reduction of the nitro group, and finally cyclocondensation of the resulting 
2-aminothiophenolate with CS): 


NOz  Na,S NO; NaS NH 6: er 
— NaCl — — NaHS i 
Cl SNa SNa 20 


Synthetic applications of benzothiazoles appear to be limited due to their hydrolytic 
stability. However, as shown in the following synthesis of cyclohexene-1-carbaldehyde 
(22) [368], the benzothiazole system can be modified by quaternization and reduction to 
a 2,3-dihydrobenzothiazole system 21, which (as aldehyde thioaminal) is acid-labile and 
thus can be readily cleaved by hydrolysis to the corresponding aldehyde 22. 

The intermediate formation of 21 realizes an overall addition of a formyl anion 
equivalent to a carbonyl compound accompanied by dehydration. 


N 
Cr 8. OO 2 C+D 
S HO HO s 
CHs CHg MeOSO,F 
cco = [eFo}e 
miei 
SH 
or -CH, 
= H,O/H*, AgNO, CH=O 
Ch. 


3-Ethylbenzothiazolium bromide is a suitable catalyst for the chain elongation of aldoses 
with formaldehyde to the next higher ketose [369]. 


5.32 
Penam 


A-C In this bicyclic system, a 1,3-thiazole ring is fused on to an azetidine ring. In most 


publications, the numbering deviates from the TUPAC rules as shown above. The 
molecule is chiral. 

In 1929, FLreminG discovered that the mold Penicillium notatum inhibits the 
growth of bacteria. In 1941 Frorry and Cuarn succeeded in isolating the active 
agent, known as penicillin, in the form of its sodium salt. The structural elu- 
cidation was achieved by chemical degradation and was confirmed in 1945 by 


5.32 Penam 


X-ray analysis of penicillin G (benzylpenicillin). The structures were shown to be 
(3S,5R,6R)-6-(acylamino)-2,2-dimethyl-7-oxopenam-3-carboxylic acids: 


ie) HoH penicillin F: R= ---CH»-CH=CH-Ph 
Da rx penicillin G: R= ---Ph 
: {Me Ph 
° COOH ampicillin: R= =H, 
H 


The residue R in the acylamino substituent differs in the various penicillins as shown 
in the above examples for penicillin F and G. By virtue of the 7-oxo group, peni- 
cillins are also B-lactams (see p. 52). The f-lactam ring is essential for the biological 
activity. Its presence enables the penicillins to irreversibly acylate the amino groups 
of those enzymes which are necessary for the synthesis of the peptidoglycans in the 
bacterial cell wall. However, some bacteria have developed resistant strains to peni- 
cillins derived from microorganisms. They synthesize the enzyme f-lactamase that 
opens the f-lactam ring hydrolytically. There are two possibilities for suppressing this 
resistance: 


¢ Application of structurally similar lactams that are bactericidal and that are not 
hydrolyzed by B-lactamase [370]. A few semisynthetic penicillins fulfill these require- 
ments. For instance, 6-amino-2,2-dimethyl-7-oxopenam-3-carboxylic acid (also known as 
6-aminopenicillanic acid) can be prepared from a natural penicillin. This is then converted 
into a penicillin by acylation with another residue R. One of the most effective compounds 
of this type is ampicillin. 

¢ Use of compounds which inhibit the enzyme p-lactamase, for example, the synthetically 
prepared sulbactam 1 [371]. The most successful method is the combination of a 
semisynthetic penicillin with a f-lactamase inhibitor. There is a seemingly endless 
conflict between chemists, continually synthesizing new compounds, and bacteria, 
constantly developing new mechanisms of resistance. 


Although total syntheses of the penicillins have been elaborated, they are too 
expensive compared with the extraction from molds or to semisynthetic procedures. 
This also applies to biomimetic syntheses, that is, to total syntheses based on 
the biosynthesis of the compounds [372]. The biosynthesis of the penicillins 
starts from a peptide (2) which is derived from the amino acids cysteine and 
valine: 
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enzyme 
O. HH SH o. HHH 
YN : baat Js Oo HHH 
R H Y aie us al 
07 NH —~ * N ime ——> J: SY 
Me Nae R oF N~/ Me 
He H°? B Me 5 
Hood Me HOOG COOH 
2 3 4 


In the first step, an enzymatic C-H bond cleavage occurs in the cysteine residue with 
formation of a C-N bond. From the intermediate 3, which is bound to the enzyme, 
penicillin is formed by a C-H bond cleavage in the valine residue, and subsequently a 
C-S linkage (3 — 4) is formed. 


5.33 
Isothiazole 


In isothiazole (1,2-thiazole), the pyridine-like N-atom is bonded to the S-atom. This 
o-bond is the weakest link in the molecule and is cleaved by ring-opening reactions. 

The isothiazole molecule is planar; its ionization energy amounts to 9.42 eV and its 
dipole moment to 2.4 D. Isothiazole absorbs at longer wavelengths than isoxazole and 
thiazole, due to a m > nx transition: 


UV (ethanol): A (nm) (¢) 1H NMR (CCl,): 5 (ppm) 13CNMR (CDCI): 5 (ppm) 


244 (3.72) H-3: 8.54 C-3: 157.0 
H-4: 7.26 C-4: 123.4 
H-5: 8.72 C-5: 147.8 


Isothiazole is aromatic. The NMR spectra confirm a largely undisturbed delocalization 
of the m-electrons. In consequence, the aromaticity of isothiazole is greater than that of 
isoxazole, just as the aromaticity of thiophene is greater than that of furan. From the 
calculated 1-electron densities at the ring carbons, it follows (by analogy to isoxazole, cf. 
p. 186), that electrophiles should attack at the 4-position, nucleophiles at the 3-position. 
This is confirmed by the following isothiazole reactions. 


(1) Reactions with electrophilic reagents 
(a) Isothiazole (pK, = —0.51) is a somewhat stronger base than isoxazole (pK, = —2.97). 


Protonation occurs at the N-atom, and crystalline perchlorates may serve for characteri- 
zation of liquid isothiazoles. 
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Isothiazoles are N-quaternized by iodoalkanes, dialkyl sulfates, and trialkyloxonium 
tetrafluoroborates. 
(b) SgAr-reactions like halogenation, nitration, and sulfonation take place regioselectively 
at the 4-position. Since the pyridine-like N-atom impedes electrophilic substitution, 
SpAr-reactivity of isothiazole is lower than that of thiophene, but higher than that of 
benzene. 


(2) Metalation, reactions with nucleophilic reagents 


(a) Isothiazoles unsubstituted in the 5-position are 5-metalated with nBuLi [342]. 
5-Lithioisothiazoles react with electrophilic reagents, for example, with R—X to give 
5-alkylisothiazoles. 

(b) Isothiazoles are stable against attack of alkali hydroxides or alkoxides. As expected, 
N-alkyl-isothiazolium ions are more reactive; aqueous alkali causes transformation into 
polymeric products; carbanions, however, cause defined ring-opening at the S-N bond 
[373]. 


For example, the ethyl acetate anion 2, generated in situ by thermal decarboxy- 
lation of the K-salt of monoethyl malonate, cleaves the isothiazolium ion 1 by 
S-attack and formation of the ring-open iminothiolate 3, which cyclizes to the 
3-aminothiophene-2-carboxylate 5 by intramolecular aza-analogous aldol addition (— 4) 
and elimination of methyl mercaptan. 

The sequence 1 — 5 represents ring transformation of an isothiazole to a thiophene 
derivative. 


SCH3 SCHs SMe NHPh 
\ = h NHPh ; 
ae vac : — / Peg tn —MeSH yas 
s° “Ph , Ph7 “ss °Ph Ph\5“cooet Ph~\g~—COOEt 
= \ Hes cooet 
© 
3 4 5 


EtOOC-CH, Kt 2 


(3) Oxidation 


Trisubstituted isothiazoles are S-oxidized by peroxy acids to 1-oxides 6 and 
further to 1,1-dioxides 7. Isothiazoles unsubstituted in the 3-position yield 
isothiazol-3(2 H)-one-1,1-dioxide 8 on oxidation with HzO, in acetic acid at 80 °C [374]. 


ROR R oR Ro OR: R RO 
h nf I { I (| ) l 
R AN Res R S57 / OR SN R Ag NH 
6 O’ ‘Oo Oo ‘o 
6 7 8 


For the synthesis of isothiazoles [375], two methods are representative. 
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(1) The oxidation of B-imino thiones 9 with iodine or hydrogen peroxide gives 
3,5-disubstituted iso-thiazoles 12: 


R? Re R® RP 
[/ le 1 / * 
R' NH —=—— R' NH yy R ee oH ORIMAGN 
iS SH ri 
9 10 bt 12 


Cyclization with I, is likely to occur via the tautomeric thiol form 10 of the iminothione 9, 
which is S-iodinated (11) and then undergoes intramolecular nucleophilic substitution 
at the S-atom by the imino nitrogen (12). The sequence tolerates considerable variations 
in R! and R?; for instance, B-iminothioamides (R'=NH)) afford 5-aminoisothiazoles. 

(2) The cyclocondensation of B-chlorovinyl aldehydes 13 (cf. p. 97) with 2 equiv. of 
ammonium thiocyanate leads to 4,5-disubstituted isothiazoles 16 [374]: 


2 
Re Re oH rs R2 
me _+NH,SCN a +NH,SCN gt_t ‘NH 2 y a 
Cl —NH,Cl SCN -H,O SJ) — HCN Ss? 


~ HSCN a ( 


13 14 16 


Primary product is an (isolable) (3-thiocyanato)propenal 14, which reacts with 
[NH,]SCN via imine 15 and formation of the isothiazole system by nucleophilic 
displacement of cyanide at the S-atom. 


'D| Isothiazole is a colorless liquid with a pyridine-like odor, bp 113 °C, and sparingly soluble 
in water. 

The isothiazole moiety is very rarely found in natural products. The fungicidal 
Brassilexin (17) was isolated from the leaves of the cruciferous plant Brassica juncea. This 
compound is a derivative of isothiazoloindole [376]. 

Many synthetic isothiazoles are biologically active. For instance, 5-acetylisothiazolothio- 
semicarbazone (18) is virostatic; isotianil (19) is a modern fungicide for rice protection. 


! Ss’ N. N 
Ss Ss N Ss 
O 
19 


- HN 4 4g 


Saccharin (22), the earliest synthetic sweetening agent (1879), is derived from 
benzo[d]isothiazole. Saccharin is synthesized from 2-methylbenzenesulfonamide (20) by 
oxidation to the corresponding carboxylic acid 21, which is subsequently cyclodehydrated: 
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fe) 
CHg KMInO, COOH 
SEE Ho JNH 22 
SO,NH, SO.NH, 2 Ss 
20 21 oO 


Saccharin is a crystalline, virtually water-insoluble compound of mp 244°C. Its 
water-soluble sodium salt is used as a sweetening agent [377]. It is 300-500 times as 
sweet as saccharose, but has a bitter-metallic aftertaste. 

Like NBS, N-bromosaccharin can be used as a brominating or oxidizing agent. 
N-Acylsaccharins serve as acylating agents for tertiary alcohols and convert amino 
alcohols selectively into N-acyl derivatives. 


5.34 
Imidazole 


TN 


Imidazole contains one pyrrole- and one pyridine-like N-atom, located in the 1- and 
3-positions, respectively. Its systematic name is 1,3-diazole. The univalent radical is 
known as imidazolyl. The imidazole molecule is planar and an almost regular pentagon 
(see Figure 5.14). 

The ionization energy of imidazole was calculated to be 8.78 eV. The removed electron 
is derived from the HOMO m3. From a comparison with the value of 8.23 eV for pyrrole, 
it follows that the pyridine-like N-atom reduces the HOMO energy and thereby stabilizes 
the m-system. This also applies to the furan-oxazole and thiophene-thiazole systems. 

The dipole moment of imidazole is 3.70 D in the gas phase. In solution, the values 
depend on the concentration, because of strong intermolecular hydrogen bonds (see p. 
227). The NMR spectra show that a tautomeric equilibrium is rapidly achieved at room 
temperature. 


N NH 
Hy N 


In this annular tautomerism, one averaged signal appears for 4-H and 5-H, as well as for 
C-4 and C-5: 


UV (ethanol): A (nm) (€) 1H NMR (CDCI3): 5 (ppm) 13CNMR (CDCl): 5 (ppm) 
207 (3.70) H-2: 7.73 C-2: 135.4 
H-4: 7.14 C-4: 121.9 


H-5: 7.14 C-5: 121.9 
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1978 ny Figure 5.14 Structure of imidazole (bond lengths in pm, bond 
06.3 g 
135.8 we angles in degrees). 
109.8 111.3 
107.2 
136.9 N 134.9 
H 


Imidazole is an aromatic system. The pyrrole-like N-atom contributes two electrons 
to the m-electronic sextet. The pyridine-like N-atom and the C-atoms each donate one 
electron. As can be deduced from the NMR spectra, the m-electrons are largely delocalized, 
whereas the nonbonding electron pair is localized onto the pyridine-like N-atom. The 
following electron densities have been calculated by SCF/MO methods: 


1.056,-—.\y1.502 


sore Yoses 


1.502 


Therefore, imidazole belongs to the class of 1-excessive heterocycles, with six electrons 
distributed over five atoms but mainly concentrated on the N-atoms. Electrophilic 
substitutions should be possible in the 4- or 5-position. The 2-position between the two 
N-atoms shows the lowest m-electron density; nucleophilic attack would thus be expected 
to occur onto this position. 

The reactions of imidazoles can be classified in analogy to the preceding 1,3-azoles. 


(1) Acid-base reactions, annular tautomerism 


(a) Among the 1,3-azoles with a pyridine-like N-atom, imidazoles possess by far the 
highest basicity (oxazole: pK, = 0.8, thiazole: pK, = 2.52, imidazole: pK, = 7.00). With 
acids, imidazoles form salts 1 with symmetrical delocalization of the positive charge 
according to their NMR-spectra: 


H 

N HX N ROM N 
[2 x <—— € : eee ae lo» M 

H H 

1 2 


(b) Imidazoles unsubstituted on the 1-N-position are weak NH-acids, though their 
acidity (imidazole: pK4 = 14.52) is higher than that of pyrroles (pyrrole: pKa = 17.51). 
The Na-salt of imidazole is formed, for example, with NaOEt in EtOH, and the sparingly 
soluble Ag-salt is obtained with aqueous AgNO3. In the imidazolyl anion (2), the negative 
charge is symmetrically delocalized. Thus, imidazole behaves as an amphoteric system 
(acting as a base and as an acid). 

(c) In addition to salt formation as NH-acids, imidazoles form complexes with many 
metal ions, in which the pyridine-like N functions as donor atom, for example, with 
Co(II)-salts: 
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Hemoglobin (cf. p. 555) is an Fe(I1)-complex of heme with the imidazole moiety of the 
amino acid histidine (cf. p. 227) contained in the protein globin. 
(d) Asa direct consequence of their amphoteric character, 4-substituted 1,3-unsubstituted 
imidazoles 3 equilibrate with the corresponding 5-isomers 4 by proton transfer from 


position 1 to position 3: 
R R H 
Ni ry 
=. 
US —— Ds 


This special case of prototropy is known as annular tautomerism (cf. p. 152). In solution, 
equilibria establish so rapidly, that separation and isolation of tautomers of the type 3/4 
is not possible; their presence, however, can be established by NMR spectroscopy. The 
equilibrium position 3/4 depends on the substituent. 


(2) Reactions with electrophilic reagents 


(a) Imidazoles are alkylated by halogenoalkanes via the nucleophilic pyridine-like 
N-atom to give quaternary salts 5 as primary products. The salts 5 undergo rapid 
deprotonation to 1-alkylimidazoles 6, which react with a second R-X moiety to afford 
1,3-dialkylimidazolium salts 7: 


c ne R ‘a 
R-X =, iy 

l y “——* | fey |x° ——~ C 5) aa. fe: he 1) 
N N ~ HX N? N 
H H R 
5 6 7 


In the presence of strong bases, NH-imidazoles are alkylated via the imidazolyl 
anion, for example, Na-imidazolide (prepared from imidazole and NaOH) undergoes 
L-alkylation (+8, R = alkyl) with halogenoalkanes and dialkyl sulfates [378]. Because 
of the ambident character of unsymmetrical imidazolyl anions (e.g., 9), base-induced 
alkylation of 4- or 5-substituted imidazoles affords mixtures of 1,4- and 1,5-disubstituted 
products, for example: 


N R-X ( " 
ar __ base (2; — eo / \ 8 R = alkyl, acyl, 
C3 N _x silyl, sulfonyl 
Hi R y , y 
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Consequently, the Na-salt of imidazole can also be reacted with acid chlorides, sulfonyl 
chlorides, and trialkylchlorosilanes to give the corresponding 1-substituted imidazoles 8 
[379]. 

(b) In electrophilic substitution reactions of imidazole, reactivity strongly depends on the 
reaction conditions. 

When the S,Ar process is performed in neutral or basic medium like in halogenations 
or azo coupling, reactivity is comparable to that of pyrrole. Accordingly, chlorination with 
SO2Cl, yields 4,5-dichloroimidazole; bromination with Br) in H2O or HOAc/NaOAc and 
iodination with I, in HyO/NaOH produce the corresponding 2,4,5-trihalogenoimidazoles. 

Azo coupling of imidazole, carried out in aqueous alkaline solution, gives rise to the 
2-substitution product 10, since in the intermediate imidazolyl anion the negative charge 
is delocalized over positions 1—3: 


=N 
, - Ech ‘ 

i (1) OH", - H* S ~H ,\ . 

Cy x 4 (2) + Ar-N,* t- ie " C NoN Sar 
a ‘ar 10 


SfAr reactions like nitration (with HNO3/H2SO,) or sulfonation (with H2SO,4 or 
oleum) proceed very slowly, since in strongly acidic medium imidazolium ions are the 
participants in the SAr processes. Thus, nitration of imidazole leads to 4-nitroimidazole 
(11), and under more drastic conditions to 4,5-dinitroimidazole (12). Sulfonation of 
imidazole in oleum at 160°C yields imidazole-4-sulfonic acid: 


H ® ON 
NH No,  O2N 


H -H* 


@) =H N 


(3) Reactions with nucleophilic reagents 


(a) Reactions of N-substituted imidazoles with nucleophiles occur slowly (compara- 
ble to thiazole) and demand vigorous conditions. For example, SyAr-reactions at 
2-halogeno-1-alkylimidazoles require high temperatures, for example: 


N O N 

/ 5 / 

€ 5, hp paere Lo) 

I ——. I 
CH3 — HBr CH3 


(b) 1,3-Dialkylimidazolium salts 13 undergo deprotonation in the 2-position on treatment 
with strong bases (e.g., BuOK): 
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The 1,3-dialkylimidazolium ylides 14 thus generated exhibit the behavior of nucle- 
ophilic carbenes according to their electron distribution. For instance, they undergo 
electrophilic reactions (alkylation, acylation, halogenation, etc.) at C-2 [380]; a recent 
example is the amidoalkylation of imidazolium ylides [381]. 

1,3-Bis(1-adamantyl)imidazol-2-ylidene (14, R = 1-adamantyl) was the first carbene 
which could be isolated as a crystalline compound (mp 240-241°C) stable at room 
temperature [382]. This carbene possesses both thermodynamic and kinetic stabilization, 
since the bivalent carbon is incorporated into an electron-rich m-system and sterically 
shielded by the bulky N-substituents [383]. 

(c) 1-Methyl-4,5-diphenylimidazole is attacked by KOH at 300 °C in the 2-position to give 
(after addition and dehydrogenation) the imidazol-2(3H)-one 15: 


(1)-2H Ph H 


Ph 
N N 
a} aN ol ee 2 
Ph vn Ph Ph on 15 
CHg bH, CH3 


In contrast, 1,3-dialkyl- or 1,3-diacylimidazolium ions show higher reactivity against 
OH.-ions, usually with addition at C-2 followed by ring-cleavage. The long-known reaction 
of imidazole with Ph-COCI under ScHoTTEN-BAUMANN conditions (NaOH/H 20) leading 
to 1,2-(dibenzoylamido)ethene (16) and formate summarizes instructively imidazole and 
imidazolium reactivity in basic medium [384]: 


H H il 
(1) NaOH és 2 Ph& , NaOH, H,0 H. .N—-C—Ph 
(2) Ph-COCI Cl 
‘ana re ae ere . | 16 
N H7 ~N-C—Ph 
y H H ll 
N A 
Ci : 
N’ 17 OH, H,O :~HCOO 
fe) O ' Q 
o7 Ph Ph eS \\ ph SLph 


N -Cl NSH NH 
O* Ph o7*Ph oA eh 
18 19 20 


Primarily, imidazolyl-Na (formed from imidazole and NaOH) is acylated by Ph-COC1 
to give 1-benzoylimidazole (17). Quaternization of 17 by a second Ph—COCI moiety leads 
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to the 1,3-dibenzoyl-imidazolium salt 18, which undergoes addition of hydroxide at C-2 
with subsequent ring-opening at C-2/N-3 (+19 — 20). The triacylated diamine 20 is 
finally hydrolyzed to yield 16 and formate. 


(4) Metalation and metal-mediated reactions 


(a) 1-Alkylimidazoles can be metalated in the 2-position by nBuLi to afford the corre- 
sponding 2-lithioimidazoles [385]: 


N : 
Gu nBuLi ee R-X LAN = 
Ri A a 


21 | 99 


The 2-lithiated imidazoles 21 can be utilized for the introduction of other function- 
alities, for example, by alkylation with R-I or silylation with R3Si—Cl. 1,2-Disubstituted 
imidazoles like 22 are metalated by R—Li in the 5-position. Alternatively, metalated 
imidazoles are accessible by halogen-metal exchange of halogeno-substituted imidazoles 
(hal = Br, I) [386]. 

(b) 1-Alkylimidazoles undergo direct regioselective arylation in the 5-position by aryl 
bromides in the presence of K,CO3 and a Pd(II)-catalyst [387]: 


C% Ar'-Br, Pd(OAc)>, N 
N P(2-furyl),, K,CO, 2 wk oo 
A i 


Ar’ Ar?-B(OH),, PdCl,(dppf), Br 
XN CsF, [BnNEt,]CI rr 
aA. > 24 = aia, 25 <J 
: : 
R R 


The 5-arylated imidazoles 23 thus obtained can be subjected to a second arylation by 

bromination with NBS (—25) followed by Pd-catalyzed Suzux1-MriyaurRa coupling with 
arylboronic acids to give 1-alkyl-4,5-diarylimidazoles 24. 
(c) N-Arylation of imidazole is achieved by several methods, namely (i) in a 
Cu(I)-catalyzed, ligand-free, and microwave-assisted process with arylbromides in the 
presence of K,CO3 and Si(OEt),4 [388] and (ii) in a Cu(I)-catalyzed, K,2CO3-promoted 
process with arylbromides and heptakis(6-amino-6-deoxy)-f-cyclodextrin as an highly 
efficient supramolecular ligand and host [389]: 


NBS 


N Ar-Br, Cul, K,CO,, N 
L DY Si(OEt), or B-cyclodextrin 7 Ll \ 
N N 
H Ar 


In the retrosynthesis of imidazole (Figure 5.15) one has to consider that the heterocycle 
possesses the functionality of an amidine on C-2 and that of an 1,2-enediamine on 
C-4/C-5. Therefore, three retroanalytical approaches are reasonable. 
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Figure 5.15 Retrosynthesis of imidazole. 


Route I leads via FGA a to intermediate 27 and disconnection d to an a-halogenoketone 
and an amidine as reasonable starting materials. 

Route II leads via FGA b to intermediate 26 and disconnection e to an a-aminoketone 
and a carboxamide. 

Route III leads via FGA c to intermediate 25 and disconnection f to ethylenediamine 
and a carboxylic acid (or an equivalent of it). 

All three routes are reflected in actual imidazole syntheses [390]. 


(1) 1,2-Dicarbonyl compounds (a-ketoaldehydes or 1,2-diketones) undergo 
three-component cyclocondensation with ammonia (preferentially as ammonium 
acetate) and aldehydes to give 2,4-disubstituted or 2,4,5-trisubstituted imidazoles 28 [391, 
392]. This process can be rationalized by a (simplified) mechanism via intermediates 
29-31 taking into account the fact that a-ketoaldehydes afford 2,4-disubstituted products. 
Imidazole formation from benzil is promoted by [Mmim]HSO, as a powerful BRONSTED 
acidic ionic liquid [393]: 


R! O fe) H* or 
bs re 2NH3 + RX _ Sereee acid Ue ™ 
R2-So H R® 


tautomerization, 
1,5-H-shift 


Instead of 1,2-diketones, w-hydroxyketones have been used for cyclocondensation with 
NH; and aromatic aldehydes, most efficiently catalyzed by Eu(OTf)3 as Lewis acid [394]: 
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R 
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Ne + 2NH3 + ArX oe _' Ar 32 
R~ “OH .H A 
+NH, !—H,O 
Y A 
' +NH, ' 
LA | NH 1 : 
' HO atmospheric Op, 
Y - ArX 34 !-2H 
H 
R-NH R._NHg RIN y 
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For imidazole formation, primarily LEw1s acid-promoted formation of aminoketones 
33 and aldimines 34 is postulated; their cyclocondensation leads to an imidazoline (35), 
which is oxidized by air to give imidazoles 32. 


(2) 2,5-Disubstituted imidazoles 36 are obtained from amidines and a-halogenoketones 
in the presence of a base [395]: 


1 
R1_.O HN K,CO3 ‘ 
to+ ~ YL # 
x HoN N 
ie H 
base —HX 1-H, 
OH 
RLLO R! 
5 as eens ~ th 
2 38 


In analogy to previous azole syntheses with a-halogenoketones (cf. p. 204), primarily 
N-alkylation of the amidine occurs (—>37), followed by cyclization (38) and dehydration 
(— 36). 

Analogously, a-hydroxy ketones cyclocondense with amidines (to give imidazoles 
(36)), guanidines (to give 2-aminoimidazoles), and urea or thiourea (to give 
imidazole-2(3H)-ones or -thiones, respectively). Imidazoles unsubstituted at the 
2-position are obtained from a-hydroxyketones and formamide (BREDEREK synthesis): 


RL_O Oo RY 
N 
T+ 2k ~ dS 
R?“OH NH» oe RENN? H 
~HCOOH [ 


(3) a-Aminoketones react with cyanamide to afford 2-aminoimidazoles 39 (MARCKWALD 
synthesis) [396]: 
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Formation of 39 can be interpreted by condensation of both reactants to give the imine 
41, followed by intramolecular amine addition to the cyano group (42) and concluded 
by tautomerization (39). 

The reaction principle manifested in the MARCKWALD synthesis is of considerable vari- 
ability. Thus, cyanates or thiocyanates (via 40 — 43) yield imidazol-2-ones or -2-thiones 
(44, X = O or X = S), and alkylisocyanates give 1-alkylimidazol-2-ones. 

Thioles of type 44 (X = S) are of synthetic utility, since the SH-group can be replaced 
by hydrogen. This transformation is accomplished by oxidation of the thiol with H20 
to a sulfinic acid moiety, which thermally eliminates SO2 (oxidative dethionation), for 
example: 


N N 
Da N=, Ha0p, HOAC, HO Yr r Da 
: , oe \ o- 
nose NOTSOH nome 
H H H 


(4) Aldimines react with TosMIC in the presence of a base to give 1,5-disubstituted 
imidazoles 45 [397]: 


H 
H TOR, = K,CO, } N 
R2 N=Cl _—_—_—_ \ 45 
eh . RASH 
. i] 
i base + —H* Re 
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In analogy to the van Leusen oxazole synthesis (cf. p. 173), the anion of TosMIC adds 

to the imine function and the addition product 46 cyclizes to the imidazoline 47, which 
undergoes base-induced elimination of sulfinic acid producing the imidazole 45. 
(5) As already documented for other azoles, methods for transition metal-mediated 
approaches to imidazoles with different substitution pattern have been disclosed recently. 
(a) In the Pd-catalyzed multicomponent approach, N-alkylimines, acid chlorides and 
N-tosylimines are coupled in the presence of a phosphine, DIPEA/LiCl, carbon monoxide, 
and a specific Pd(0) catalyst to give tetrasubstituted N-alkylimidazoles 48 [398]: 


P Pd(0) catalyst, R4 
nR O n7Fs P(o-tolyl)s, DIPEA, LiCl I 
‘ 
» y+ in a a y) CO (4 bar) R2 non’ 
: ie 48 
aes : A 
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e Oo 
3@ 1 Rt R! 
rear, Otte nag 
R2 yH (2) - HTos R2 { i 
R 
sel ee? 1 ' 1 
R! a R R 
49 -. z R&® 3 product of 
ee N= RA - 1,3-dipolar CA 
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2 R RO 
R CxO 0% © 
50 51 


As a (simplified) mechanistic rationale it is postulated that primarily the N-alkylimine 

is acylated and that the acyliminium system 49 undergoes Pd-mediated and LiCl-assisted 
CO-transfer to afford an N-acylketene (50). Cyclization of 50 gives rise to a Mtinchnone 
(51) (cf. p. 175), which delivers the imidazole 48 after 1,3-dipolar cycloaddition and 
elimination of p-toluenesulfinic acid and CO). 
(b) In an expedient two-step methodology, 1,2-disubstituted imidazoles 52 are obtained 
from nitriles by Cu(I)-promoted addition of aminoacetaldehyde diethylacetal followed 
by acid-induced eliminative cyclization of the intermediately formed amidineacetals 53 
[399]: 


N 
RI-C=N4 RAV OEt CuCl, then HX } 
N EE i 
H eS R! 
1 OEt , 
i R? 
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(6) 2-Substituted imidazoles 55 are prepared by dehydrogenation of 2-substituted 
4,5-dihydroimidazoles 54, which are obtained (a) from nitriles and ethylenediamine in 
the presence of catalytic amounts of sulfur under ultrasonic irradiation [400] and (b) 
from aldehydes and ethylenediamine in the system I,/KI/K,CO3/H20, which effects 
C-N-oxidation of the primarily formed imidazolidines 56 to the imidazolines 54 [401]: 


NH Se j U\ 
AORN HN ee RA] oak 
H 54 ee 
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The dehydrogenation of the imidazolines 54 to the imidazoles 55 can be accomplished 
by MnOp, PhI(OAc)2, or Swern oxidation [402]. 


Imidazole, colorless crystals, mp 90°C, bp 256°C, is soluble in water and other protic 
solvents, but only sparingly soluble in aprotic solvents. Imidazole was first synthesized 
from glyoxal, NH3, and formaldehyde and therefore called glyoxaline. 

Imidazoles have high melting and boiling points when compared to pyrrole, oxazole, 
and thiazole because the imidazole molecule is a donor as well as an acceptor of hydrogen 
bonds, and only intermolecular hydrogen bridges can be formed: 


we 
nt " 


A No 


In the solid state, imidazole forms chain-like associated angled structures imparting a 
fibrous texture to the crystals. When dissolved in water, the N—H---N bonds are replaced 
by N-H---O and N---H-O bonds. In contrast, 1-methylimidazole is a liquid, mp —6°C, 
bp 198°C, which is only slightly soluble in water. Imidazoles are thermally very stable; 
imidazole itself decomposes above 500°C. 

The most important natural product derived from imidazole is the proteinogenic 
amino acid histidine (57): 


H H 
CH,-C-COOH CH,-CH,-NH N-—CH,—CH,-S—CH 
at 2 eH i 27 2 2 N=C-N=C¢ 2 2 a N 
N-CH \ 
a H 3 H3C 
H 57 59 


The imidazole ring, with a physiological pH value of 7.4, exists in the histidine building 
blocks of proteins as a free base and as a conjugate acid (pK, = 7.00) because of a 
regulating acid-base equilibrium. Especially in enzymes, the ring can act as a BRONSTED 
base or as a BRONSTED acid as the occasion demands, that is, it acts as a buffer. It is 
also able to form complexes with metal ions. Such properties are not found in any other 
proteinogenic amino acids [403]. 
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Histamine (58) is a biogenic amine formed by enzymatic decarboxylation of histidine. 
It is a vasodilator and thus lowers the blood pressure. It also contracts smooth muscles 
and regulates gastric acid secretion. Too high a histamine level in the blood causes 
allergic reactions, for example, hay fever. Such reactions can be suppressed by admin- 
istering antihistamines, which act as antagonists of histamine mainly by blocking the 
allergy-causing histamine receptors (H, receptor). 

Cimetidine (59) is used in the treatment of duodenal and gastric ulcers. It reduces 
gastric acid secretion by blocking the histamine receptor which stimulates gastric acid 
secretion (H) receptor), but does not affect the H, receptor. 

Further examples of pharmaceutically relevant imidazole derivatives are 60-62: 


CH>-CH»-OH (_) (_) ia q vee 


60 61 CO 62 oun 


Metronidazole (60) is used in the treatment of trichomoniasis and amoebal infections; it 

is incompatible with ethanol. Bifonazole (61) shows antifungal activity. Eprosartan (62) 

is an angiotensin II inhibitor and used as an antihypertensive agent. 

[E | Among the synthetic applications of imidazoles, the use of 1-acylimidazoles as acylating 
agents is of importance. In 1-acylimidazoles 63 (often named imidazolides), in contrast 

to amides, no nitrogen lone pair is available for an amide mesomerism [404]: 


RX <> pe R~-N7 YY 63 
NR» oe = 
® 2 


For this reason, acylimidazoles are much more reactive than N,N-dialkylamides and 
(like acid anhydrides or acid chlorides) are able to transfer their acyl group to alcohols, 
phenols, and amines, for example: 


ae a do nbn’ 10 O 
Ne \eNH | eA r-é& t+Nod 
+ = Fe \eNH} Spi NH 
R'-OH R'-O Boe 2 


1,1'-Carbonyldiimidazole (64) (available from phosgene and imidazole) is particularly 
reactive. Even at room temperature, it reacts vigorously with water to give imidazole and 
carbon dioxide. With carboxylic acids in aprotic solvents, 1-acyloxycarbonylimidazole 65 
is formed, which is capable of an intermolecular transacylation: 
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The resulting 1-acylimidazoles can be used as acylating agents as described above. 


Imidazole itself acts as a nucleophilic catalyst for the hydrolysis of carboxylic acid 
derivatives, for example: 


O O O 
H,0 > 
RAN il] 1 fs) 2° 2 (=| 
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5.35 
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H 
The UV and ?CNMR spectra of benzimidazole show the following characteristics: 
UV (ethanol): A (nm) (¢) 13CNMR (methanol-d,): 5 (ppm) 
244 (3.74), 248 (3.73), C-2: 141.5 C-4: 115.4 C-5: 122.9 
266 (3.69), 272 (3.71), C-6: 122.9 C-7: 115.4 C-3a: 137.9, 
279 (3.73) C-7a: 137.9 


The short-wavelength bands at 244 and 248 nm are due to electronic excitation of the 
imidazole ring, the others to electronic transitions in the benzene ring. 

There is no detailed analysis of the A,B) system of the two benzene-type protons in 
the 'H NMR spectrum. The H-2 signal is in the region of § = 7.59+0.58 (CDCl), 
depending on the substituents in the benzene ring. 


(1) Reactions with electrophilic reagents 


(a) Benzimidazole (pK, = 5.68) is less basic than imidazole (pK, = 7.00), but is a 
stronger N-H acid (pK, = 12.75, imidazole: pK, = 14.52). Benzimidazoles substituted 

in the benzene part display annular tautomerism by prototropy in solution [405], for 
example: 
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OO = Cr 


(b) N-Alkylation of benzimidazoles occurs in neutral or basic medium, for example, 
with NaOH/R-X via N-H deprotonation (—1). Likewise, 1H-benzimidazoles undergo 
N-aminoalkylation with Hz7C=O/H-NR2(—2): 


2a,°°r 


R-X 
N N = N 
co = Co = Cr} 
N N N 
! H 
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(c) With the exception of NBS-bromination at C-2 [406], electrophilic substitutions on 
carbon can be achieved only in the benzene part of benzimidazole, first in position 5, 
then in 6- or 7-position, as found for SgAr nitration or halogenations. The same is true 
to bromination and nitration of 1-methylbenzimidazole. 


(2) Reactions with nucleophilic reagents 


(a) Nucleophiles, in general, react faster with benzimidazoles than with imidazoles 
and attack at the 2-position. For instance, 1-alkylimidazoles undergo substitution of 
the 2-hydrogen on treatment with NaNH) in xylene to give the corresponding 2-amino 
compounds 3 (following an addition/elimination process in analogy to the Chichibabin 
reaction (cf. p. 352)): 


-O 
N NaNH N i) N 
co joss] Crh 
N N NH — NaH N 
CHg CHg 


2-Halogenobenzimidazoles undergo SyAr-displacement of halogen by nucleophiles 
like alkoxides, thiolates, or amines. However, SyAr proceeds more slowly than with 
2-halogeno-benzoxazoles and -benzothiazoles. 
(b) N-Alkylbenzimidazoles are metalated by R—-Li at —78°C, and the resulting 2-lithio 
compounds 4 can be utilized for the (electrophilic) introduction of other functionalities, 
for example, iodination either NIS or silylation with Cl-SiR;: 


N R-Li N E-x N 
a a awa Pane 1 Pa: E =I, SiR, etc. 


R' R' R' 
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2-Alkylbenzimidazoles show side-chain C-H acidity and reactivity like their benzox- 
azole and benzothiazole analogs. For instance, 2-methylbenzimidazole reacts at 0°C 
with 2 mol of nBuLi to give the dilithio compounds 5, which gives aza-aldol addition to 
carbonyl compounds: 


2R=Li N i. NYA 

CH il N “Li 

roe AH | CT prorat | ako (Sy os 
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(1) The standard synthesis for benzimidazoles [407] is the acid-catalyzed cycloconden- 
sation of o-phenylenediamines with carboxylic acids (via monoacylation products 6 and 
dehydrative ring closure): 


H p 
ees ree SH Rp——* ee ee i She 
th —__ >» oe (a oe oe 
I i i 
A~NH, 1% 7 ~NHp — a: 


As dehydrating agents, triflic anhydride/Ph3;P=O [408] or [C_L-SO-O-CH=N™(CH3))] 
Cl” [409] can also be applied. Orthocarboxylic esters R-CH(OEt); have been utilized very 
efficiently with catalysis of ZrOCl, . 8 H2O [410]. 

For the synthesis of 2-arylbenzimidazoles 8, cyclocondensation of o-phenylenediamines 
with aryl aldehydes followed by C-N-dehydrogenation of the primarily formed benzimi- 
dazolines 7 is frequently used: 


fe) 
H 
A 
a Nip = rX a NOH oxidant YN 
a H Oe oe oe oe 
A~NH> - H,0 N < A N 
7 8 


For the dehydrogenation 7 — 8, oxidants like atmospheric oxygen [411], Na2S,Os5 
[412], H,O2 with additives [413], or Ph-I(OAc)2 [414] have been successfully applied. 
Interestingly, primary alcohols and o-phenylenediamine were also found to undergo 
oxidative cyclocondensation by use of iodine as catalyst [415]. 

(2) Aside from the standard approaches in (1), several methodologies for transition 
metal-mediated benzimidazole formation have been disclosed recently. 

(a) Carboxamides can be subjected to Cu-catalyzed N-arylation by (2-alkylmino)aryl 
halides in the presence of a 1,2-diamine and Cs,CO3 to give monoacylated 
o-phenylenediamines 9, which cyclize to N-alkylbenzimidazoles 10 [416]: 
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1,2-Disubstituted benzimidazoles 10 are also obtained by Cu-mediated amination 
of (2-acylamino)aryl iodides with arylamines in the presence of 1-proline and K,CO3 
followed by acid-catalyzed cyclization [417]. 

An analogous protocol of Pd-catalyzed amination of (2-acylamino)aryl bro- 
mides with arylamines and subsequent ring-closure of the intermediarily formed 
N-aryl-N’-acyl-o-phenylenediamines 11 leads to N-arylbenzimidazoles (10, R? = Ar) 
[418]. 
(b) Alkylamidines are N-arylated by 2-bromoacetanilides to afford 2-alkylbenzimidazoles 
12 in a Cu-catalyzed domino process in the presence of Cs2CO3, which can be extended to 
additional N-arylation by aryl iodides in the presence of a 1,10-phenanthroline derivative 
leading to 1,2-disubstituted benzimidazoles 15 [419]: 
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A plausible (simplified) mechanism includes primary Cu-promoted formation of an 
N-arylated amidine (13), its hydrolysis (+14 by HO resulting from reaction of the 
amidine hydrochloride with Cs2CO3) and cyclization of 14 to 12 with elimination of NH3. 
(c) N-Arylamidines 16 undergo oxidative cyclization via C-N bond formation to give 
2-substituted benzimidazoles by reaction with O2 in ACOH-catalyzed Cu(OAc)2 [420]: 
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Presumably, 16 and Cu(OAc), lead first to a Cu-N-adduct 17 with Cu in either oxidation 
state II or III. Then, the aryl ring in 17 is attacked by the amidine-N in a fashion similar 
to an SgAr process to form intermediate 18 with concomitant release of a reduced Cu 
species. Finally, rearomatization of 18 provides the benzimidazole system. 


Benzimidazole, colorless crystals, mp 171°C, bp 360°C, is readily prepared by reaction [D] 
of o-phenylenediamine with formic acid at 100°C. 
The presence of the benzimidazole system in a natural product is most striking 
in the case of vitamin By) (cyanocobalamin). It was isolated from liver extracts and 
from the fungus Streptomyces griseus. It is an antipernicious anemia factor. Elucidation 
of its complex structure was achieved by X-ray analysis (CRAwFooT-HopckIN, 1957). 
5,6-Dimethylbenzimidazole is bonded via the atom N-1 to p-ribose as an N-glycoside; 
N-3 is linked to a cobalt ion which is situated in the center of a corrin system (cf. p. 557). 
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Examples of synthetically produced and biologically active benzimidazoles are the fungi- 
cide and anthelmintic thiabendazole (19) and the antihypertensive telmisartan (20) 


[421]: 
Ze Nx GO 
C4 


NCH, COOH 


19 20 Oe 


234 


A-D 


5 Five-Membered Heterocycles 


2H-Benzimidazole-2-spirohexane (21) can be used for the synthesis of 5-substituted 
o-phenylenediamines, for example, 23, which are not easily accessible by other routes 
[422]: 


21 22 
(1) HNR, 
(2) MnO, MnO, !-2H 
(3) Na,S,0, 1 
Y 
Na,S,0, 


Nucleophiles, for example, secondary amines HNR;, react with the orthoquinonoid spiro 
compound 21 in the presence of activated MnO) to give 24 (via addition product 22 and 
its oxidation), from which 23 is obtained on reduction with Na2S2O4. 

The spiro-2H-benzimidazole 21 is easily obtained from cyclohexanone and 
o-phenylenediamine and subsequent dehydrogenation of the primarily formed aminal 
25 with MnO). 


we TS 100°C MnO, 
a 
NH HO 


The conversion of o-phenylenediamine to 21 can be regarded as an ‘“‘Umpolung,”’ since 
o-phenylenediamine reacts only with electrophiles, and not, like 21, with nucleophiles. 


5.36 
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Imidazolidines can be regarded as cyclic aminals. Some interesting oxo compounds are 
structurally derived from the imidazolidine system. 


(1) Imidazolidin-2-one (1) is formed by heating ethylenediamine with urea: 
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The analogous cyclocondensation of the alkaloid (—)-ephedrine with urea gives 


(4R,5S)-1,5-dimethyl-4-phenylimidazolidin-2-one (2). This compound can be used as 
a chiral auxiliary for asymmetric syntheses [423]: 
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(+)-Biotin (3, vitamin H) occurs in egg yolk and in yeast. It promotes the growth 
of microorganisms. In biotin, an imidazolidine ring is condensed with a thiolane ring. 
Several syntheses have been elaborated [424], starting material is often the proteinogenic 
amino acid (R)-cysteine: 


O 


HN* ~NH 3 2-COOH 
£7 Sh ‘ 

7 "(CHp)4-COOH on 
3 (R)-cysteine 


The vitamin action is due to the coenzymic action of (+)-biotin toward carboxylase. 
(2) (a) Imidazolin-2,4-dione (4) is also known under the trivial name hydantoin. 
Hydantoins unsubstituted on N-3 are N-H acids (e.g., 4: pKa = 9.12), the relatively high 
acidity is due to delocalization of the negative charge in the conjugate base 5: 


N N 
H H 
4 5 


In addition, hydantoin possesses a C—-H acidic CH2-group and can therefore undergo 
base-induced aldol condensation at C-5, for example, with benzaldehyde: 


O H 10) iH 
y f se ft base ae 
: as (@) * H —H,0 Fo 
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Imidazolin-2,4,5-trione (6, trivial name: parabanic acid) is an even stronger N—-H acid 
(pK, = 5.43) than hydantoin. Parabanic acid is considered to be the ureide of oxalic acid, 
it can be prepared by cyclocondensation of oxalate with urea: 


Oy LOEt Hy 


N QA 
N 
L 7 9 2 as 
O~ ~OEt HoN —2 EtOH O N oO 
H 


(b) Imidazolin-2,4-diones (hydantoins) are accessible on several pathways. 
(i) In a classical approach [425], a-amino acids are transformed into 5-substituted hy- 
dantoins 8 by addition to isocyanic acid (7) followed by acid-induced cyclodehydration: 


i COOH NH eel 
COOH N ya te He N 
HG R ro) ; a» 
R* ~NH u N -H,O R7Ny7 =O 
2 fe) H 2 
H 
7 8 


(ii) In a recent synthesis of 1-substituted hydantoins 12 [426], primary amines are 
reacted with Br—CN and the resulting cyanamides 9 are N-alkylated with methyl bro- 
moacetate in the presence of NaH; the N-alkyl-N-cyano-a-amino esters 10 thus obtained 
are cyclized to hydantoins 12 in acidic medium: 


M 
a ie 50 % O i 
R-NH CN ‘ 
lp O ,NaH Ben OCH H,SO,/H,O N 
+ — >» RON-CN : 3 , deo 2 
Br—CN is i 
9 10 fe) 
A 


Hydantoin formation 10 — 12 was shown to proceed via partial hydrolysis of the cyano 
group to the amide 11 as precursor of the cyclization via ester functionality. 


5.37 
Pyrazole 


Pyrazole, like its structural isomer imidazole, contains a pyrrole-like and a pyridine-like 
N-atom, but in the 1- and 2-positions (1,2-diazole). 
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Figure 5.16 Structure of pyrazole (bond lengths in pm, bond an- 
gles in degrees). 


The pyrazole molecule is planar. Bond lengths and bond angles have been calculated 
from microwave spectra (see Figure 5.16). Consistent with the structural formula, the 
bond between atoms 3 and 4 is the longest. 

The ionization energy of pyrazole is 9.15 eV. It follows from a comparison with pyrrole 
(8.23 eV) that the pyridine-like N-atom reduces the energy of the HOMO, indeed even 
more than in the case of imidazole (8.78 eV). 

The dipole moment of pyrazole was calculated to be 1.92 D in benzene solution. This 
value depends on the concentration, because cyclic dimers form at higher concentrations 
(see p. 242). The dipole moment is directed from the center of the molecule to the bond 
between atoms 2 and 3. 

Pyrazole shows the following UV and NMR data: 


UV (ethanol): A (nm) (¢) 1H NMR (CCl,): 5 (ppm) 13¢ NMR (CH2Cl,): 6 (ppm) 
201 (3.53)n > x H-1: 12.64 H-4: 6.31 C-3: 134.6 
H-3: 7.61 H-5: 7.61 C-4: 105.8 C-5: 134.6 


Pyrazole, like its structural isomer imidazole, is aromatic [427]. The following 
m-electron densities and m-bond orders were calculated by LCAO/MO methods: 


1.105 0.97: 0.579 


2 
\ 0.769// \\ 0.768 
ne | UN 1.278 l N 
N 


0.473°N“0.389 
41-649 H 


Thus, pyrazole is a m-excessive heterocycle. Electrophilic substitution is predicted to occur 
preferably at the 4-position, nucleophilic attack at the 3- or 5-position. Delocalization of 
m-electrons follows from the bond order of the m-bonds; it is evident that the N-N bond 

is the weakest link in the pyrazole ring. 

In most reactions of pyrazoles, analogy with imidazoles is apparent and comparisons are 
possible. 
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(1) Acid-base reactions, annular tautomerism 
(a) Pyrazoles are weaker bases than imidazoles (pyrazole: pK, = 2.57, imidazole: pK, = 


7.00). This difference inter alia can be attributed to the fact that in the pyrazolium ion (1) 
the positive charge is less delocalized than in the imidazolium ion (cf. p. 218): 


N’@ ra N’ a arr N’ 
H -H H +H 
1 2 


Gas-phase basicity (intrinsic basicity), thermodynamic and kinetic basicities, and 
proton affinities have been determined for pyrazoles and imidazoles [428]. 

1H-Pyrazoles show N-H acidity in the same order of magnitude as 1H-imidazoles 
(pyrazole: pK, = 14.21, imidazole: pK, = 14.52). Thus, pyrazole is deprotonated by bases 
and by reaction with metallic Na to give the Na-salt of 2; the sparingly soluble Ag-salt is 
formed on treatment with aqueous AgNO3. 

(b) C-Substituted pyrazoles unsubstituted at the N-atoms exhibit annular tautomerism 
by N,N’-prototropy [429], for example: 


Equilibrium is attained rapidly; the existence of tautomers 3/4 can only be demonstrated 
by C- and N-spectroscopy. Except for R = CH3, the equilibrium 3/4 lies to the left 
side, that is, tautomer 3 predominates. 

(c) Like with imidazoles, many metal complexes with pyrazole ligands (via the 
pyridine-like N as donor) have been prepared, for example, the Ni(II)-complex 5: 


Pa. 
ie) 
4 i ny Au 
| N—>Ni<—N’ | A” \ 
Y | ‘N -N N; 
Cl H ‘OiN — ee <— Nro’ 
5 6 


In another series of metal complexes, the pyrazolyl anion serves as ligand, for example, 
in the Au(I)-complex 6. 


(2) Reactions with electrophilic reagents 


(b) (a) Electrophilic substitution (SpAr) at the C-atoms of pyrazole proceeds more slowly 
than for pyrrole, but at about the same rate as for benzene; the pyrazole anion reacts 
faster and the pyrazolium ion much more slowly. 

4-Halogenopyrazoles are formed on treatment with Cl) or Brz in HOAc. HNO3/H2SO4 
yields 4-nitropyrazole; dependent on the pyrazole substituents, nitration can take place 
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via pyrazole or via pyrazolium ion. Sulfonation occurs on heating in oleum, therefore 
involves the pyrazolium ion and leads to pyrazole-4-sulfonic acid. 1-Substituted pyrazoles 
undergo FRIEDEL-CRarFTs acylation and VILSMEIER formylation. 

(b) Alkylation of pyrazole is preferentially conducted in basic medium (i.e., via pyrazolyl 
anion) with iodoalkanes. Benzylation, acylation, sulfonylation, alkoxycarbonylation, and 
silylation of pyrazole are brought about correspondingly [379]: 


i NaOH "ON @® — 7% .~ FX R=alkyl, benzyl, 
ga eh Ne tase ne’ CO-R, SO.-R, SiRg 
‘ R 


On alkylation of 3- or 5-substituted pyrazoles in basic medium, mixtures of 1,3- 
or 1,5-disubstituted pyrazoles are obtained because of the ambident character of the 
substituted pyrazolyl anion 7, for example: 


CH, CH, 
LY, 1008 Cn eos lat i @ 
H3C N’ H3C N’ N’ Ss. - “CH 
a CH, 
65 % 35% 


(3) Reactions with nucleophilic reagents 


(a) Pyrazoles, in general, either do not react with nucleophiles or react with them very 
slowly. This is true for halogen displacement as well as for ring-opening reactions with 
alkali hydroxides observed in few cases. 

(b) N-Substituted pyrazoles undergo metalation with nBuLi in the 5-position. The 
5-metalated N-substituted pyrazoles, for example, 8 can be utilized for the directed 
synthesis of 5-substituted pyrazoles from pyrazole if the N-substituent is a removable 
protective group, for example, the dimethylsulfamoyl residue [430], as shown by the 
following sequence: 


(1) Ph-CH=O 
\ V 1 
 ™ nBuLi LN (2) HO Pr MN eon acon =Ph._ ‘\y 
H ne yt ead sere - 7 N’ 
OH 


1 
$O,NMe> SO,NMez OH S0,NMer 
8 


T- 


(4) Photoisomerism 


On irradiation, pyrazoles rearrange to imidazoles and undergo ring-opening to 
B-aminoacrylonitriles. For these photoisomerizations, various mechanistic pathways 
have been discussed [431], as exemplified for the transformation of N-methylpyrazole 
leading to N-methylimidazole (12) and the nitrile 14. 
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As photochemical primary step, electrocyclization leading to the diazabicyclopentanes 
9/10 or the azirine 11 can be envisaged, which may serve as precursors for the imidazole 
12. Alternatively, homolysis of the N—N bond in the pyrazole gives rise to the diradical 13 
as a possible precursor for both the imidazole 12 (via 11) and the nitrile 14: 


hv ra a H.C-N 
le naar > - 
| ; | 
CHg Y 
; ‘ | N 
a ae i C’ _. 
A N° hv N 49% 
! & pea ND aiee cae: a ar 
, ! . 
. CHg - Fi CH3 CHg 
1 C=N 
hv / ( 44) 
Luvseceuse fede > N N 4130 eens eneee- aa NH Nooo! 
CH, CHg 


For the synthesis of pyrazoles [432], the most versatile principle is to combine N—N 
containing units like hydrazine with various types of 1,3-biselectrophilic systems. 


(1) Classical synthesis is the cyclocondensation of 1,3-dicarbonyl compounds with 
hydrazine or monosubstituted hydrazines (R! = alkyl, aryl, acyl) to give pyrazoles (16): 


R? 2 
3 R R3 R2 
R Oo.) OHON REA 
Ni : ae ee 
R2“So . | ~H20 5 NH ~H,0 RPS ye 
R1 R Rt ' 
15 . 
16 


Unsymmetrical 1,3-diketones give mixtures of structural isomers. The cyclocondensa- 
tion is acid-catalyzed, for example, by a very efficient polystyrene-supported sulfonic acid 
[433], and proceeds via hydrazone or enehydrazine intermediates 15. 

As 1,3-biselectrophilic components, acetylenic ketones have been used [434], for 
example: 


R2 R2 R2 
H,N — NH, 
||  ———~ | \ 
17 lI a“ eo RI IN 18 
—H,0 N 
R'7No Ri Sy NHe H 
Pd(OAc),/ Cul 
P(tB 
(1BU)s R2—=—H + Ar—! + Mo(CO), 


Cs,CO, 
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Ynones 17 can be generated in situ in a Pd-catalyzed carbonylative coupling reaction with 
aryl halides, which has been extended to a one-pot four-component synthesis of pyrazoles 
18 (R' = aryl) from terminal acetylenes, aryl iodides, hydrazine hydrate, and Mo(CO)« 
(as CO donor) in the presence of Cs7CO3 and Pd(OAc)/Cul as catalyst system [435]. 

Another generally applicable variant is the cyclizing condensation of $-oxonitriles with 
hydrazines affording 5-aminopyrazoles 19: 


R! 
1 
R\ZO HN 
Tt + NH es / WN 19 
CN R2 -—H,0 HoN N’ 
é R2 
A 
Y ‘ tautomerization 
ae 
1 2 
AN NAR addition LIN 
H 7) oe > HN ale 21 
Cay R2 


Pyrazole formation is likely to occur via hydrazone formation (— 20) and cyclization 
by intramolecular NH-addition to the cyano group (—21) concluded by tautomerization 
—>19). A solid-phase-catalyzed version (montmorillonite K-10) was reported [436] as well 
as the use of acetylhydrazine for minimizing side reactions and removal of the acetyl 
group by N-methylpiperazine [437]. 

(2) A long-known route to pyrazoles is the 1,3-dipolar cycloaddition of diazoalkanes 
(e.g., as efficient catalyst-free version using «-diazoesters [438]) to alkynes: 


R! fo) R! H R! R? 
HC-R? R? Da 
| | + oN —— a / aN ‘ ~ pl KP 
i N 
R! @N| H 
22 23 


Primary cycloaddition products are the 3H-pyrazoles 22, which tautomerize to the 
1H-pyrazoles 23. With unsymmetrical alkynes, the regiochemistry of diazoalkane 
cycloaddition is ambivalent and dependent on sterical and electronic effects [324]. 
Mono-acceptor-substituted alkynes react regioselectively; for instance, propargylaldehyde 
and diazomethane lead to the pyrazole-5-aldehyde (25), which equilibrates with its 
annular 3-tautomer 24: 


HC-H a ee HK HL NN 

| | + Noo .N a NO N° 
oO 

CHO @N! fe) 24 

(3) (a) (B-Tosylhydrazono)phosphonates 26 undergo base-induced ring-closure to poly- 

substituted pyrazoles 27 on reaction with aliphatic and aromatic aldehydes in a single-step 

approach [439]. Primarily, a dianion is formed by deprotonation at C and NH-Tos, which 
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5 Five-Membered Heterocycles 
reacts with the aldehyde in a Horner carbonyl olefination (— 28) and subsequent in- 
tramolecular MicHaeEt addition (28 — 29). The sequence is completed by base-induced 
elimination of toluenesulfinic acid and N-protonation on quenching with NaH, PO,/H20. 
This route allows concise control over all three pyrazole-C-substituents with the aldehyde 
residue (R*) appearing in the 5-position: 
R! (1) MH (2 equiv.) R! R2 
R2 O (2) NaH,PO,/H,O 
oR TY + pod POU 2 r i 
ON. UTos H (M=Na, K) N 
N H 
26 1 27 
‘ * 
! (1) > C,N-dianion ‘, 
(2) — [(EtO),PO,." (1) base, 
Y -TosH ; 
R' (2) H*,H,O 
R! R2 f 
R’ R? 
LAN = o 3 
elas = ask Niom 29 
oN Ht 
Tos Tos 
(b) In a similar hydrazone dianion-based strategy, ketone-(N-ethoxycarbonyl)hydrazones 
30 are subjected to base-induced cyclocondensation with diethyl oxalate, which leads to 
pyrazole-3-carboxylates 31 or pyrazole-1,5-dicarboxylates 34 [440]: 
‘ H (1) nBuLi (2.5 equiv.) R2 COOEt 
RAH (2) EtOOC-COOEt { 
e : (3) TosOH, toluene R / oN 
R'~ “N* ~COOEt = : 
30 31 
TosOH, Pall *. TosOH, 
! toluene ra *s. toluene 
Y a a 
aia JH 10° TFA, R2_ COOEt 
R R sa DCM Dat 
5 ceeccceee a on ee > = 
Bim Se core RI“S\-N=cooet 712° R'“S\-N~cooet 
32 33 34 


These findings are explained by primary formation of a N,N’-dianion, which undergoes 
CLAISEN condensation via Cg(—> 32) followed by ring closure (via N — C=O addition, 
32 — 33). Intermediate 33 (after O-pronation) undergoes H2O-elimination leading to 
the diester 34, whose TosOH-mediated decarboxylation affords the monoester 31. 


bonds: 


Pyrazole, colorless needles, mp 70°C, bp 188°C, is soluble in water. Pyrazole exists in 
the solid state and in concentrated solution as a dimer with two intermolecular hydrogen 
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| ONeH 
N oN 
HewN | 


For this reason, the melting point and boiling point of pyrazole are higher than those of 
pyrrole and pyridine, but lower than those of imidazole (cf. p. 227). 

Natural products containing pyrazole rings are rare. It seems that the evolution of 
organisms has produced few enzymes which cause formation of an N—-N bond. However, 
many synthetical pyrazoles are biologically active. Some of them are used as pharma- 
ceuticals, for example, the analgesic, anti-inflammatory, and antipyretic difenamizole 
(35). Betazole (36) is bioisosteric with histamine and selectively blocks the H2 receptor. 
Celecoxib (37) is a powerful COX-2 inhibitor and exhibits analgesic and antiarthritic 
effects. The pyrazolopyrimidine zaleplon (38) belongs to a new generation of hypnotics 
structurally not based on the benzodiazepin system. 

Other biologically active pyrazoles are the herbicide difenzoquat (39) and the insecticide 
dimetilan (40): 


H SP 
N P - 
MeN . h od 5, HoN C. 
(e) | UN / UN N- N 
N N S—cr, 
I H = 
35 Ph 36 37 


A 
a —_ 
N Y Ph O NMep, 


we . 
| \\® NN O 
fe) Ph“ Nn" Me MeN 
\ 
Gok Me MeOSO3 ome 
38 i 39 40 
5.38 
Indazole 
3N 
2N 
H 
Indazole (benzo[d]pyrazole) has the following UV and NMR spectral data: 
UV (H20, pH 4): (nm) (e€) = 1H NMR (DMSO-dg): 6 (ppm) 13CNMR (DMSO-dg): 5 (ppm) 
250 (3.65) H-3: 8.08 — -H-6: 7.35 C-3: 133.4 C-6: 125.8 
284 (3.63) H-4:7.77  H-7:7.55 C-4:120.4  C-7: 110.0 


296 (3.52) H-5: 7.11 C-5: 120.1 
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(1) Acid-base reactions, annular tautomerism 


Indazole is less basic than pyrazole (indazole: pK, = 1.25, pyrazole: pK, = 2.57), but a 
somewhat stronger N-H acid (indazole: pK, = 13.86, pyrazole: pK, = 14.21) [405]. 

For the annular tautomerism of indazole, it has to be borne in mind that the tautomer 
2H-indazole (2) possesses an orthoquinonoid structure: 


N N 


H 
1 2 


For this reason, the equilibrium 1/2 is positioned at the left side. However, the energy 
difference between the tautomers is relatively small; for instance, in the gas phase 
2H-indazole is higher in energy by only 15 kJ mol! [441]. 


(2) Reactions with electrophilic reagents 


(a) N-Alkylation of indazole in basic medium proceeds via the ambident indazolyl anion 
(3) and gives rise to a mixture of 1-alkyl-1H-indazole and 2-alkyl-2 H-indazole: 


base 

-H* x R-X N 
i a rr OiNH | ———_* N 
N + =N _x® N 

+H if 
H H R 

+ 
Ar-Pb(OAc)., 
— 


3 
) 
Cu(OAc)> N 
N N-R 
N “N 
Ar 


N-Arylation of indazole takes place on reaction with aryl lead triacetate in the presence 
of Cu(II)-acetate [442]. 
(b) Electrophilic substitution at indazoles often occurs in 5-position, as observed for 
halogenations and nitration with HNO3. Sulfonation with oleum, however, yields 
indazole-7-sulfonic acid. Azo coupling of indazole with diazonium salts occurs in 
the 3-position. 


The following examples describe synthetic approaches to 1H-indazoles [443]. Information 
on directed synthesis of 2H-indazoles is summarized in Ref. [444]. 


(1) The earlier syntheses of indazoles start from o-toluidine derivatives 4 and utilize 
(formulated in simplified terms) 

(a) diazotization followed by base-induced cyclization of diazonium ions (5 — 6) or 

(b) N-acetylation followed by nitrosation (7), rearrangement to diazoacetates (—8), 
and cyclization to indazoles 6 (Jacobsen synthesis): 
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Fj j R 
N CH, INO] ~ CH, base _ hf TN 
R— > R'—— —____ >» R'—- N 
\Z fA 2 A~N 
NH, nm H 
4 5 6 
(1) AcsO 
(2) R"-O-NO 
R R — AcOH 
S CH» NN CH, 
lomo > | ET 
ZA . a 
N-N=O A~n?N~oAc 
7 Ac 8 


The JacossEN synthesis can be performed as an efficient one-pot procedure (Ac,O, 
alkylnitrite, KOAc in benzene) [445] modified by addition of 18-crown-6 [446]. Due to 
formation of N-acetyl-6 under these reaction conditions, an additional hydrolysis step is 
required. Analogously, indazoles 6 were obtained from cyclization of aryl azosulfides (8, 
S-tBu instead of OAc) by means of KOtBu [447]. 

(2) Arylketones or -aldehydes 9 bearing a leaving group in ortho-position react with 
hydrazine or monosubstituted hydrazines (via the (Z)-hydrazones 10) at elevated temper- 
atures to give indazoles in an intramolecular SyAr process: 


Fh H 
HN —N-R? R' P 
< A Ar “ 
Ro Lo Af SN | ENN 
X ! Zz NH UT fA N 
x R2 R2 
9 10 


This concept is realized for X = O-mesylate and R! = alkyl/aryl (heating in xylene) 
[448] and for X = fluoride and R' = H (heating in (1,2-dimethoxyethane) (DME)) [449]; in 
the latter case, competing WoLFF-Ki1sHNER reduction of the aldehyde group is suppressed 
by initial formation of the O-methyloxime. 

(3) In an efficient procedure, indazoles 12 are obtained under mild conditions by 
1,3-dipolar cycloaddition of arynes and diazoalkanes [450]: 


KF, 


Aa 
SiMe 18-crown-6 RoR 2) 
cs 3 THF, 25°C ZA +R-CHN, Ns TN 
Ty —— _ |R'— |] | ——- ?- io j 
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H 
11 6 die 
12 Rt Z 


The arynes required are generated in situ from (o-TMS)aryltriflates 11 by reaction with 
KF in the presence of 18-crown-6. When a substrate ratio 11/diazoalkane 2 : 1 is chosen, 
N-arylindazoles 12 are the products due to addition of a second aryne moiety to the 
1H-indazoles 6. 
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(4) Oximes of (o-aminophenyl) carbonyl compounds 13 are cyclized smoothly to 
indazoles by selective activation of the oxime functionality in the presence of MesCl/NEt; 


[451]: 
R! R! Z R! 
-OH 
SyO MesCl, NEt, Spy-OMes Syi on: 
pee oe | 
NH Lf —MesH N 
4o 1 R2 
R R2 
13 14 


Ring closure is thought to proceed via O-mesylation of the oxime (14) followed by 
intramolecular nucleophilic displacement of mesylate at the sp2-nitrogen oriented distal 
to the NH-R? group. 

(5) 2-Substituted 2H-indazoles 16 are obtained from (2-halogenophenyl)acetylenes and 
monosubstituted hydrazines in a Pd-catalyzed domino reaction [452], for example: 


BZ A - PdCl, / tBu,P-HBF, GZ a B 
a DMF, 120°C h = N-Ph 
NH —————> om — — NA 
yol NES: = NH#NH-Ph N 
. cae 15 16 


2H-Indazole formation is thought to proceed via a sequence of transition-metal-media- 
ted N-amination by the terminal hydrazine nitrogen (15) and ring-closure by in- 
tramolecular hydroamination of the triple bond followed by tautomerization (15 — 16). 


Indazole, colorless crystals, mp 145-149 °C, is soluble in hot water. 
The indazole system is an interesting pharmacophore in medicinal chemistry [453]; 
for example, benzydamine (17) shows anti-inflammatory and antipyretic activities. 


O-CH-CH-CH,-NMe, 


‘N 


. 


N 17 
CH,Ph 


5.39 
4,5-Dihydropyrazole 


A-D (1) 4,5-Dihydropyrazole has often been referred to as A?-pyrazoline or 2-pyrazoline. 


5.39 4,5-Dihydropyrazole 


The standard synthesis for 4,5-dihydropyrazoles 1 is the cyclocondensation of 
a,B-unsaturated carbonyl compounds with hydrazine or monosubstituted hydrazines: 


R! 
R! N 
"iC se Ge ee N 
2 ° 
S ‘9 ~~ R N 
R R2 


1,3-Diaryl-4,5-dihydropyrazoles are used technically as optical brighteners [454]. 
(2) Oxo compounds derived from 4,5-dihydropyrazole are often called pyrazolones. 
The most important class of pyrazolones refers to 2,4-dihydro-3 H-pyrazol-3-one (2) as 
parent system, derived in its systematic nomenclature from 3H-pyrazol-3-one (3) and 
3 H-pyrazole (4): 


45 4.5 45 
7 = — 

Ad N Tar ra ~N 

OF ING | OF SN Nn 
H 2 2 

2 3 4 


(a) Pyrazolones of type 2 display tautomerism by prototropy within the heterocyclic ring 
(annular tautomerism) as well as with participation of the carbonyl group [455]: 


RHR R R R R 
Ta ee gd, es 
O Tae <~— fe) N’ “H <x HO N’ 
R R R 
5 6 7 
(1,2-dihydro-3H- (1,2-dihydro-3H- x 
pyrazole-3-one) pyrazole-3-one) (S-hydroxypyrazole) 
| | | 
base | —Ht 
Fe ~E---- 
8 Bere = attack of electrophiles 
4 . 


The equilibrium position for the three tautomers (C—H tautomer 5, N-H tautomer 6, 
and O-H tautomer 7) is dependent on the pyrazolone substituents and the solvent used. 
Tautomerism with substituent participation is observed in oxo heterocycles as well as for 
the corresponding thiones and imines. 

(b) Pyrazolones of the type 2/5 show C-H acidity (e.g., 2: pKa = 7.94). Their deprotona- 
tion by bases leads to ambident anions (e.g., 8), which — due to the delocalization of the 
negative charge — are attacked by electrophilic reagents at C-4 and at N-1 or the O-atom. 
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For instance, the pyrazolone 10 undergoes KNOEVENAGEL condensation (with aldehydes 
—9) and azo coupling (with diazonium ions +11) at C-4, N-alkylation (e.g., with CH31 
or (CH30)2SO, — 12) and O-alkylation (e.g., with diazomethane — 13): 


fe) 
R CHg R , Ac;O Pa Y CH; *\ & ANS EN 7 
ba! = ° : Th \ APNS OH? N CHs 
N ~* Ni} ne ee 
ee ae ai ‘omy 
Ph SA Phy a. eh 


9 Ss 
CHgI or See 28 we 
(MeO),SO,, 10 CH,N, 
H CH3 5) H CH3 
OH I 
/ ‘N 


Pe 12 13 
O neN=CH3 H,CO N 
Ph Ph 


(c) Azo compounds of type 11, which contain a 5-hydroxypyrazole system due to 
stabilization by hydrogen bonding, constitute the class of pyrazolone dyes. Examples are 
flavazine (14), which is used as textile dye, and tartrazine (15), which is approved for 


coloring foodstuffs and cosmetics: 


NaO3S. 
é I NeN. _COONa NR? 
Et,N 


N° H. N 
N 
R! 
SO3H 
SO3Na 
14 (yellow) 15 (yellow) 16 (purple) 


The pyrazolone dye 16 may serve as an example of the use of pyrazolones as couplers in 
color photography, which react with the developer (e.g., N, N-diethyl-p-phenylenediamine) 
in an oxidative coupling process during the chromogenic development. 

(d) Compound 12 was one of the first synthetic drugs (phenazone or antipyrine, L. KNorR, 
1883); it exhibits antipyretic, analgesic, and antirheumatic properties. Structurally related 
to phenazone are pyramidone (amidopyrine, 17), metamizole (18) [456], and epirizole 


(19) [457]: 
CH, CHg 
R-N CH, IN 
= N 
oA NS 17 :R=CH, gO” Ne . 
Nv 'CHs 18: R= ---CHy- SO3Na N an 
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Pyrazolone derivatives were widely used in the last century, but nowadays their 
medicinal application has been strongly reduced due to their considerable side-effects. 
(e) The standard synthesis for 2,4-dihydro-3 H-pyrazol-3-ones is the cyclocondensation 
of B-ketoesters with hydrazine or monosubstituted hydrazines (KNoRR synthesis); it 
proceeds via primary formation of a hydrazone 20, which can be isolated and converted 
to the products 21 [458]: 


R! R! R2 RI! 
R® ™ NHp Re < Da 
NA. —<——— —> 0oA%r,/N 
o7~orR R° ei o7~ornNH | -Ron s6 
R8 5 
20 21 
5.40 
Pyrazolidine 


4 3 

& hn 
N* 
H 


Several oxo compounds are derived from pyrazolidine, a cyclic N,N’-disubstituted 
hydrazine. Pyrazolidin-3-ones as well as pyrazolidin-4-ones are known [459]. The 
anti-inflammatory phenylbutazone (1) is a substituted pyrazolidine-3,5-dione. It is pre- 
pared by C-alkylation of 1,2-diphenylpyrazolidin-3,5-dione. For the industrial synthesis, 
cyclocondensation of 1,2-diphenylhydrazine with diethyl 2-butylmalonate is preferred: 


Bu oO Bu O 


Bu_COOEt HN-Ph NaOH mae 
YY + : > N — _f'O N Na 
HN —2EtOH OPN ye" Ph fe) -N-Ph 


1 N 
COOEt ie \ 


Ph Ph 
1 2 


Phenylbutazone possesses considerable C—H-acidity (pK4 = 4.5); it is soluble in sodium 
hydroxide forming the salt 2. 


5.41 
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Oxadiazoles and thiadiazoles contain two sp*-hybridized N-atoms and an oxygen or sulfur 
atom, respectively; from each type of heterocycle, four structural isomers are possible: 
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Some selected systems derived from these parent compounds will be discussed. 


(1) 1,2,3-Oxadiazoles belong to the less-known five-membered heterocycles [460]. Their 
formation is claimed in some reactions; they undergo isomerization to the more stable 
a-diazoketones, for example: 


oo ma 
RN GN R~So 


Sydnones (1) are mesoionic, that is, betaine-like compounds (analogous to Miinchnones, 
cf. p. 175) structurally derived from the 1,2,3-oxadiazole system: 


R @R' © OR 


R.O R 
I aa Pa 
Ou "“ <> “ <x, x 
fe) oN oO 08 


Their first representative, 3-phenylsydnone (3), was synthesized at the University of 
Sydney by cyclodehydration of N-nitroso- N-phenylglycine (2) with acetic anhydride [461]: 


id ag Ph 
Dale HNO N-N=O Ac,O —NH 
2 of Se 
£ — ae ©'NH, 
-H,O —H,O O="*\c 
O7 *OH O7 *OH 
2 3 


Sydnones are stable in acid and ring-opened in alkaline medium. Synthetically valuable 
is their reactivity as 1,3-dipoles in cycloadditions with activated alkynes; for instance, 
acetylene dicarboxylate affords the pyrazole derivative 5 (after cycloreversion of the 
primary cycloadduct 4 by elimination of CO): 


COOR ROOC. COOR 
3 7 ——— \ 
+ | ——S> bom ee Sy N 
i] 
res ‘coor Ph 
5 


(2) 1,2,4-Oxadiazoles resemble in their chemical properties the corresponding 
1,2,4-thiadiazoles (discussed in detail on p. 256) [462]. 
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3,4-Disubstituted 1,2,4-oxadiazoles 6 are conveniently prepared from amidoximes 
(accessible from nitriles by addition of hydroxylamine to the CN-triple bond) by cyclo- 
condensation with esters, likewise with acid chlorides or nitriles [463]: 


fe) 
R? R! 
. “ss ie fe) -N 
R-~ RR | —ae Whee 
N—O ine oR 
HOR 
NH, 2 6 
RIX : 
oH R?-N=C=N-R? Re 7 R! 
A F NH, N i fi f] N 
R ———- No \ 
Ay 2 S ae 
HN-R? 7 
—R?-N=X 
HN-R? 


5-Amino-1,2,4-oxadiazoles 7 are obtained by reaction of amidoximes with 2 equiv. 
of carbodiimides in an analogous two-step process; the second carbodiimide moiety is 
thought to accelerate amine elimination by trapping after ring-closure [464]. 
(3) 1,3,4-Oxadiazoles 8 [465] are obtained by acid-promoted cyclocondensation of car- 
boxylic hydrazides (acylhydrazines) (a) with acid chlorides in the presence of P4010 [466] 
and (b) with orthoesters catalyzed by alum (KAI(SO4)2 . 12 H2O) [467]: 


H 
HN-NH2 . O P,O40 Ven a 
> —___-5 
no _ cl ai%o oF re iho 


Oxadiazoles 7 are likewise obtained from hydrazides and aldehydes in the presence of 
trichloro isocyanuric acid [468]. 


5.42 
1,2,5-Oxadiazole 


The trivial name furazan is still widely used for 1,2,5-oxadiazole. The 1,2,5-oxadiazole 
molecule is planar and exists as a regular pentagon. The ionization energy is 11.79 eV 

and the dipole moment 3.38 D. Both values are greater than those of isoxazole. The 
chemical shift (5) in the 'H-NMR spectrum is 8.19, and in the C-NMR spectrum 139.4 

(both in CDCl;). 
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1,2,5-Oxadiazole is aromatic. The following m-bond orders were calculated by the HMO 
method: 


0.5051 


I \ osit6 

N N 

‘0.356 

A considerable delocalization of the m-electrons is evident from these figures, and again 
the values for the bonds between the heteroatoms are the lowest. Strictly, 1,2,5-oxadiazole 
should be regarded as a m-excessive heterocycle with six electrons distributed over five 
atoms. However, the m-electron density on the heteroatoms is so great that the values for 
the C-atoms are smaller than one where m-deficiency prevails, thereby influencing the 
reactivity [469]. 


(1) 1,2,5-Oxadiazole (pK, ~—5) is less basic than isoxazole (pK, = —2.97). 
1,2,5-Oxadiazoles do not react with electrophiles, or react slowly. Thus, quaternization 
with dimethyl sulfate in sulfolane proceeds much more slowly than that of isoxazoles 
with iodomethane. 

Halogenation and nitration of 3-phenyl-1,2,5-oxadiazole and of 1,2,3-benzoxadiazole 

occur exclusively on the benzene ring. The 1,2,5-oxadiazole ring is relatively stable 
against oxidizing agents, as can be expected from the high ionization energy. For 
instance, 3,4-dimethyl-1,2,5-oxadiazole is oxidized by potassium permanganate at the 
methyl groups to give 1,2,5-oxadiazole-3,4-dicarboxylic acid. 
(2) In spite of the low m-electron density on the C-atoms, 1,2,5-oxadiazoles do not react 
at all or only slowly with nucleophiles. Nucleophiles which also act as strong bases, 
for example, NaOH in MeOH, bring about ring-opening by C-4-deprotonation to form 
sodium salts 1 of v-oximinonitriles (in analogy to isoxazoles, cf. p. 187): 


evs 7 R NECK 
HO va NaOH = 1 
I —_.- N 
N N —H,0 ! ic) 
0’ lol. Na 
GS o) 


3-Methyl-1,2,5-oxadiazoles are lithiated by nBuLi at the methyl group (—2) yielding 
the corresponding carboxylic acid after reaction with CO): 


R CHs R CHpbLi (1) CO, R CH,-COOH 
1X nBuLi r% (2) H* ri 
NV, — _-- Nv _{N ———— Nv_LN 
O ‘O° O 
2 


Standard synthesis for 1,2,5-oxadiazoles [470] is the cyclodehydration of dioximes of 
1,2-dicarbonyl compounds, accomplished thermally or on treatment with SOC] [471]: 


R! R2 R! R2 
Ni ‘N 
N N —H,O ~af 
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1,2,5-Oxadiazoles are also accessible by deoxygenation of 1,2,5-oxadiazole-2-oxides (see 
below) with triphenylphosphane. 
1,2,5-Oxadiazole is a colorless, water-soluble liquid, mp —28°C and bp 98°C, stable 
indefinitely at room temperature. It is prepared by heating glyoxal dioxime with succinic 
acid anhydride at 150°C. 

1,2,5-Oxadiazole-2-oxides (furoxans) are generated by oxidative cyclization of the 
dioximes of 1,2-dicarbonyl compounds. As oxidants, NaOCl, Pb(OAc)4, or N2O4 have 
proved useful; electrochemical oxidation is also possible [472]. 


R R R R 

» t anode XX fe) _ 

N N eee Noo N-O + 2e + 2H* 
I 1 = 

6H OH 


1,2,5-Oxadiazole-2-oxides are also formed by dimerization of nitrile oxides: 


R R 
! R R 
IN | ———~ JY 
5 No N. N-o° 
lol | ce LY 
<5 Ol, onc) 


In this (3 + 2)-cycloaddition, nitrile oxide reacts simultaneously as a 1,3-dipole and a 
dipolarophile, thus reflecting the electronic structure of nitrile oxides including a high 
energy HOMO and a low energy LUMO. 

1,2,3-Benzoxadiazole-1-oxide is obtained (a) by thermal dediazoniation of 
o-nitrophenylazide or (b) by oxidation of o-nitroaniline with sodium hypochlorite 
(allowing preparation on large scale): 


> Oo <_—_——__ 
NO, ~Ne oN. =e NO, 
lOl, 


1,2,5-Oxadiazole-2-oxides with various C-3/C-4-substituents isomerize on heating, prob- 
ably via 1,2-dinitrosoolefins as intermediates [471]: 


R! R2 ‘ ai R2 ‘ Ri R2 
7 X e) YX e) I X 
N. N~oj Z o-N. ON 
wey @ QO O=N N fe) @ ‘0’ 


At temperatures above 150°C, (3 + 2)-cycloreversion takes place to give nitrile oxides. 
Photoisomerization of 1,2,3-benzoxadiazole-1-oxide leads to 1,2-dinitrosobenzene, 
which was detected spectroscopically [473]: 
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Among 1,2,5-oxadiazoles, their N-oxides as well as their benzo-fused systems are bio- 
logically active compounds which show anthelmintic, fungicidal, bactericidal, herbicidal, 
and antitumor properties. 

1,2,5-Oxadiazole-2-oxides undergo some useful synthetic transformations, as shown by 
the following examples. 


(1) Onthermolysis, 1,2,5-oxadiazole-2-oxides of type 3 isomerize to give diisocyanates 4: 


5 


—9 
op, [oe 
(CHs)n . te) —> (CHs)n ——>_ 0=C=N-(CH,),-N=C=O 
Ce ® _O 2)n 
@ Motes 
3 


Primary product of this thermal transformation presumably is a bis-nitrile oxide 4, 
which in the absence of dipolarophiles isomerizes to diisocyanate 5. 
(2) On reaction of 1,2,5-oxadiazole-2-oxides with enamines, quinoxaline-1,4-dioxides 7 
are obtained (BErRUT reaction, cf. p. 500): 


S61 Sor 
a N R ON R 
Ox, — [Cet |aae Off 
NMe oN” ~NMe beep oN 
sce lol, 101, 
6 7 


Primarily, the dihydro compounds 6 are formed, which undergo elimination of amine 
to afford the products 7; enolates react analogously [474]. 


5.43 
1,2,3-Thiadiazole 


1,2,3-Thiadiazoles, in contrast to 1,2,3-oxadiazoles, can be isolated and are thermally 
relatively stable. NMR spectra indicate that 1,2,3-thiadiazoles are diatropic. 

1,2,3-Thiadiazole is aromatic. Calculation of the m-electron densities by the HMO 
method gives the following values: 
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0.965 N 1.070 
i 
0.921 ys 1.126 


1.917 


(1) This is again a m-excessive heterocycle with some m-deficiency on the C-atoms. 
Therefore, electrophilic reagents should attack on the heteroatoms. Electrophilic sub- 
stitution on the C-atoms should be difficult and nucleophiles prefer attack at the 
5-position. 

1,2,3-Thiadiazoles are weak bases. On quaternization, for example, with dimethyl sul- 
fate, mixtures of 2- and 3-methyl-1,2,3-thiadiazoles are formed. Electrophilic substitution 
(SpAr) at the C-atoms has not been observed. 

With 1,2,3-benzothiadizoles, S:Ar reactions occur at the benzene ring; for instance, 
with nitric acid 4- and 7-nitro-1,2,3-benzothiadiazoles are obtained. 

Strong bases bring about C-5 deprotonation and ring-opening with concomitant 
N>-elimination, for example: 


Ph 
Of; CC 
H 


N 
HO EN ——> Ph-C=C-S 


(2) Thermolysis and photolysis of 1,2,3-thiadizoles and 1,2,3-benzothiadizoles lead to 
ring-fission and elimination of nitrogen. Depending on the substituents in the 4- and 
5-positions, the resulting diradical fragment stabilizes on different pathways forming 
mainly thioketenes and/or thiirenes [475]: 


2 

N Aor hv y° R 

2 / NY Or 2 ——] 1 
R - —N5 R . R 


1,2,3-Thiadiazoles can be prepared [476] by cyclocondensation of tosylhydrazones derived 
from a-methylene ketones with thionyl chloride or sulfur dichloride (HuRD-Mori 
synthesis) [477]: 


R! RY 
N 
Pe ae + SOCI, r' 
4 -2 HCl, - TosOH ReAg-N 


1,2,3-Benzothiadiazoles are obtained by diazotization of 2-aminobenzenethiol with 
sodium nitrite in acetic acid followed by cyclization of the intermediate diazonium ion: 
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NH iin eee cr. cr 
oe N 
SH -2H,0 so 7+ 3” 
1,2,3-Thiadiazole is a yellow liquid, bp 157°C, soluble in water. 
So far 1,2,3-thiadiazoles have found little application in organic synthesis. Flash pyrolysis 


to give thioketenes and ring opening to produce acetylenes can occur. The latter are 
preferably prepared by thermolysis of 1,2,3-selenadiazoles: 


R! 
N 

Re yi i ee | 
Se 


5.44 
1,2,4-Thiadiazole 


1,2,4-Thiadiazole, like its structural isomer 1,2,3-thiadiazole, is aromatic and is to be 
regarded as a m-excessive heterocycle, with relatively m-deficient C-atoms. The -electron 
density calculated by the HMO method is lowest on C-5 (0.7888). Therefore, nucleophiles 
attack in this position. 


(1) 1,2,4-Thiadiazoles are weak bases. Methylation with iodomethane occurs at N-4 
(—1), methylation with trimethyloxonium tetrafluoroborate (—> 2) at both N-atoms: 


H3C, ® H3C.® 
? ‘N= [12 cH «=| N-\ +2 [Me,0) BF “Ny © 
y 3 lu N 3 4 r N@ 2BF, + 2Me,0 
re iN ay 
Ss Ss Ss 3 
1 2 


Electrophilic substitution at the C-atoms could not be achieved. 
(2) 1,2,4-Thiadiazole reacts rapidly with alkali hydroxides, undergoing ring-opening. 
With hydrochloric acid, hydrolytic ring-opening occurs via the 1,2,4-thiadiazolium ion. 
Nucleophiles attack at the 5- and/or 3-position. 3,5-Diphenyl-1,2,4-thiadiazole is much 
less sensitive to alkali hydroxides and mineral acids. 

5-Chloro-1,2,4-thiadiazoles are reactive against nucleophiles and undergo numer- 
ous displacement reactions, for example, with silver fluoride (+4), according to an 
addition/elimination mechanism: 
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oH, Ny Nz N 
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S) S) -Cl S) 
3 4 


In the case of 3-chloro-1,2,4-thiadiazoles, delocalization of the negative charge in the 

addition product 3 with participation of both N-atoms is not possible. For this reason 
they do not react, or react only slowly with nucleophiles. 
(3) 3,5-Dimethyl-1,2,4-thiadiazole is selectively metalated by nBuLi on the 5-methyl 
group, which indicates that its C-H-acidity is greater than that of the 3-methyl group. 
With regard to the methyl group, the 1,2,4-thiadiazol-5-yl substituent possesses acceptor 
properties because of the two pyridine-like N-atoms which stabilize the corresponding 
carbanion: 


CH CH, ©— CH, CH; 


N 
\ > 
HCA N ut Cn Ne cALN + rch Nie 


Again, an extensive delocalization of the negative charge in the deprotonation of the 
3-methyl group is not possible. 


(1) 1,2,4-Thiadiazoles 5 with identical substituents in the 3- and in the 5-positions can 
be obtained [478] from thioamides by oxidation with hydrogen peroxide or by the action 
of SOC], SO2Ch, or PCl;. The mechanism of thiadiazole formation is not completely 
elucidated. 


R 
NH, R +0) ~ 
R S I 
aS : a, —H,8, — H,0 BN 
5 


(2) In a second type of synthesis, amidines are the starting materials, which are 
thioacylated by means of thiocarboxylic esters (> 6) and subsequently oxidatively cyclized 
to give thiadiazoles 7 with different C-3/C-5 substituents: 


R! R! 
OEt R! 
NH +[O N 
Re-X + HN ane ae ao oS LYS 
5 NH ~EtOH S —H,O Re" Ss” 
6 7 


(3) 5-Amino-1,2,4-thiadiazoles 8 are accessible from amidines and potassium thio- 
cyanate by oxidation with sodium hypochlorite: 
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» +[O],+H* NX 


R 
C. + HN 
‘s© NH 


—H,0 


The mechanism of thiadiazole formation has not been elucidated. It should be men- 
tioned that (2-aminoaryl)-5-aryl-1,3,4-thiadiazoles have been efficiently prepared from 
arylisothiocyanates, hydrazine hydrate, and arylaldehydes in ionic liquid [Mmim]BF, as 
dual solvent and catalyst [479]. 

(4) The cyclocondensation of amidines with trichloromethylsulfenyl chloride furnishes 
5-chloro-1,2,4-thiadiazoles 9: 


1,2,4-Thiadiazole is a colorless liquid, mp —34°C, bp 121°C, soluble in water. 

Although the 1,2,4-thiazole moiety does not occur in natural products, some synthetic 
derivatives are biologically active and are used as insecticides, fungicides, herbicides, and 
antibacterials. For instance, 5-ethoxy-3-trichloromethyl-1,2,4-thiadiazole (etridiazole) is 
used to combat or prevent fungal infestation of plants, fruit, cotton, seeds, and soil [480]. 

Azo dyes derived from diazotized 5-amino-1,2,4-thiadiazoles are used as dyestuffs for 
polyester and polyacrylonitrile fibers. 


5.45 
1,2,3-Triazole 


This five-membered heterocycle contains one pyrrole-like and two pyridine-like N-atoms 
in the 1,2,3-positions. It was known as v-triazole (v meaning vicinal). Since all ring 
atoms are sp?-hybridized, its six available electrons are in delocalized x-MOs. Thus, 
1,2,3-triazole is aromatic. Its ionization energy, measured by photoelectron spectroscopy, 
amounts to 10.06eV, which is greater than that of imidazole (8.78eV) and pyrazole 
(9.15 eV), that is, the HOMO of 1,2,3-triazole is lower [481]. The dipole moment in 
benzene is 1.82 D and is similar to that of pyrazole. 


5.45 1,2,3-Triazole 


1,2,3-Triazole (1) and 1-methyl-1,2,3-triazole (2) have the following UV and NMR data: 


UV (ethanol): A (nm) (e) 1H NMR (DMSO): 6 (ppm) 13CNMR (DMSO): 6 (ppm) 
1: 210 (3.64)n > x H-2: 13.50 C-4: 130.3 
H-4: 7.91 C-5: 130.3 
H-5: 7.91 
2: 213 (3.64) H-4: 7.72 C-4: 134.3 
H-5: 8.08 C-5: 125.5 


The UV spectra are similar to those of pyrazole and pyrrole. The 8-values for the 
protons and C-atoms in the 4- and 5-positions of 1 are in each case identical, because the 
compound exists as a 2H-tautomer in solution (see below), and equilibrium is established 
so rapidly that at room temperature only one signal appears in the NMR. However, if, 
as in 2, tautomerism is blocked by a substituent in position 1, then the values differ. In 
2-methyl-1,2,3-triazole, they are again identical (‘H: 5 = 7.77, °C: 5 = 133.2; in DMSO). 

The z-electron densities calculated by various MO methods again show the highest val- 
ues for the heteroatoms. However, the 1-deficiency on the C-atoms is not as pronounced 
as in the case of the oxadiazoles. The situation is more in keeping with that found in the 
pyrazole molecule. 

The following reactions describe the chemical characteristics of 1,2,3-triazoles. 


(1) Acid-base reactions, annular tautomerism 


(a) 1,2,3-Triazoles are weak bases; 1,2,3-triazole (pK, = 1.17) is less basic than pyrazole 
(pK, = 2.57). 1,2,3-Triazoles unsubstituted at the N-1-atom are N—-H acids; their acidity 
(1,2,3-triazole: pK, = 9.3) is significantly stronger than that of pyrazoles (pyrazole: 
pKa = 14.21) and similar to that of HCN (pK, = 8.68), which is interpreted by the 
stabilization of the 1,2,3-triazolyl anion (3) through its delocalization of the negative 
charge: 


Thus, 1,2,3-triazole forms alkali salts and an Ag-salt insoluble in H20. 
(b) C-4- (or C-5-) monosubstituted 1,2,3-triazoles (e.g., 4) consist of three tautomeric 
forms (1H-, 2H-, 3H-form); for 4 (R = H) two of them are identical: 


R a R RH 
| > =N — N 
N <—__. x <___. / ‘ 
4 N° S\yeN-H ~N 
i ‘i i 


1H form 2H form 3H form 
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In most solvents, the 2H-form predominates; for 4 (R = H), the equilibrium constant 
[2H-form]/1H-form] [*2] (in H2O). For this effect, destabilization of the 1H- (or 3H-) 
form by repulsive forces between the nonbonding electron pairs of the sp2-nitrogens is 
considered to be responsible [482]. 


(2) Reactions with electrophilic reagents 


(a) When the Na-salt of 1,2,3-triazole is treated with (CH30)SO2, a mixture of 1-methyl- 
and 2-methyl-1,2,3-triazole (5/7) in a ratio of 1.9: 1 results, of which only the 1-methyl 
compound 5 undergoes quaternization (+6) with CH3] [378): 
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Analogously, acetylation and tosylation of 1,2,3-triazole (in basic medium) leads to mix- 
tures of 1- and 2-substituted triazoles. However, 1,2,3-triazole reacts with diazomethane to 
give 2-methyl-1,2,3-triazole (7) and with ClSiMe; to give the (2-TMS)-substituted triazole. 
(b) Among the electrophilic substitution reactions, halogenation occurs very readily 
(comparable to pyrrole and imidazole). Thus, 1,2,3-triazole is brominated by Br to give 
4,5-dibromo-1,2,3-triazole (8), which is an N—-H-acid (pK, = 5.37) considerably stronger 
then the parent compound: 


N N 
Ch 
N —2HBr Br Sn° 
H H 
8 


The high reactivity in halogenation is apparently due to the pyrrole-like NH in 
1,2,3-triazole, because 2-methyl-1,2,3-triazole reacts much more slowly. 

2-Phenyl-1,2,3-triazole (9) undergoes nitration first on the benzene ring (10) and 
then at the triazole system (— 11): 


Tr rx 
Nye NN 
NN HNO, /H,SO, 
~N’ See C —— 
O NO, NO, 
9 10 11 


5.45 1,2,3-Triazole 
(3) Metalation and metal-mediated reactions 
1-N-Substituted 1,2,3-triazoles, for example, 12, are metalated by nBuLi at low temperature 


[483]; the metalated triazoles 13 can be utilized for electrophilic functionalizations, for 
example, alkylation with R-X: 


N nBuLi N N 
C ‘N -78 °C Li Da CN +R-X Le 'N 
N’ SSS | N —_ = -R N’ 

1 ! — Lix I 
Ph Ph Ph 
12 13 


4-Substituted 1-N-alkyl- or 1-N-aryl-1,2,3-triazoles can be subjected to direct arylation in 
the 5-position, for example, in Pd-catalyzed protocol using aryl chlorides in the presence 
of K,CO3 and P(cyclohexyl); to give the triazoles 14 [484]: 


2 
R2 Ar-Cl, Pd(OAc)> R 


N PCy3, KyCO, // NM 
// " = N 
UN Ar N’ 
N : 
R AA 


(4) Thermal and photochemical reactions 


(a) With nucleophiles, 1,2,3-triazoles (like pyrroles) do not react at all or only slowly with 
ring-opening. 

Ring-opening of 1,2,3-triazoles is often observed on heating in substantia or in 
suitable solvents. Such thermal transformations of heterocycles with several N-atoms 
yield structural isomers of the educts, preferentially with incorporation of an exter- 
nal (N-)substituent into a new heterocyclic system, and are summarized under the 
term DiMRoTH rearrangement [485]. A typical example is the thermal isomerization 
of 5-amino-1-phenyl-1,2,3-triazole (15), which in boiling pyridine is rearranged to 
(5-phenylamino)-1,2,3-triazole (18) [486]: 


N N i 
LE A gt 
LN oF SN 1@ — N 
HN N HoN NI ® HN suNe HN N° 
Ph Ph = Ph oy 
15 16 17 18 


Ring-opening apparently occurs by cleavage of the N-1/N-2 bond of 15 to afford the 
mesomeric 1,5-dipole 16, which may rearrange to a second 1,5-dipole 17 (by prototropy 
and rotation around the C-4/C-5 bond) and re-cyclize to the product 18. 

Many DimRoTH rearrangements are reversible; in the example given the direction 
15 — 18 observed might well be influenced by the higher N—H-acidity of the product 18 
and to salt formation in the basic solvent. 
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(b) On thermolysis or photolysis, N-substituted 1,2,3-triazoles of type 19 often undergo 
ring cleavage with loss of nitrogen (dediazoniation) followed by ring contraction with 
formation of 2H-aziridines 20: 


2 
LN hv ord FN 
a ‘as “419 > 20 
‘ NA ~ Np R3 R! 
R 
‘ A 
1 —No 1 isomerization 
_ 
R2 . R2 R2 n-R" 
A =x, us Patera ree > \ 
Ne Re"NN : 
i] ‘i R3 
R' RI 
21 22 


Primary extrusion of Nz from the 1,2,3-triazole system leaves an intermediate 21 
possessing a diradical/iminocarbene structure; 21 recyclizes to a 1H-azirine (22), which 
isomerizes with concomitant migration of the N-substituent to the more stable 2H-azirine 
system 20 (cf. p. 29). 

In contrast, N-unsubstituted 1,2,3-triazoles, for example, 23, undergo thermal or 
photochemical dediazoniation with subsequent formation of nitriles, for example, 24: 


R } 
—N hv orA 
*. “23 > R-CH,-C=N 94 
ic 
A 
: isomerisation 
Y 
R 
‘ | R ~ insertion 
) ye Bees > — R-CH=C=NH 
H e —> 
H~ SNH 
NH 25 26 


It can be speculated that nitrile formation could result from C-—H-insertion in the 
carbene form of the primary intermediate 25 and isomerization of the ketene imine 26. 


For the synthesis of 1,2,3-triazoles [487], the following approaches are of general scope 
and applicability. 


(1) Of particular interest and efficiency is the 1,3-dipolar cycloaddition of alkyl- and 
arylazides as well as hydrazoic acid to alkynes (‘click chemistry” [488]): 
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If terminal alkynes are used, 1,4-disubstituted 1,2,3-triazoles (27, R? =H) are 
formed with high regioselectivity [489]. To perform the 1,3-dipolar cycloaddition 
under mild conditions (i.e., r.t.), several catalyst systems are available, for example, a 
CuSO,/Na-ascorbate/BINOL-derived (BINOL = 1,1’-bis-2-naphthol) phosphoramidite 
[490], copper nanoparticles in AlO(OH) nanofibers in n-hexane [491] and, especially 
effective, Cu2O/benzoic acid “‘on H,0” [492]. 

To avoid the direct manipulation with hazardous azides, methods using Cu(I)-catalyzed 
cycloaddition combined with in situ generation of azides were developed as one-pot 
procedures, for example, with substitution reaction of alkyl halides by NaN3 [493] or with 
nitrosation of aromatic primary amines by tBuONO followed by trimethylsilyl azide [494]. 
Vice versa, the alkyne component has been generated in situ, for example, by sequential 
SEYFERTH-GILBERT reaction (homologation of aldehydes with diazophosphonates) and 
reaction with azides in a Cu(I)-catalyzed cycloaddition [495]. 

In modifications of the “click synthesis” of 1,2,3-triazoles, enol ethers (esters), or 
enamines have been introduced as alkyne equivalents in the thermal cycloaddition with 
azides [496]. Primarily, 4,5-dihydro-1,2,3-triazoles 29 are formed, which are transformed 
to the triazoles 27 by HX-elimination. 

In a Pd-catalyzed version [497], alkenyl bromides (28, R* = H, X = Br) were reacted 

with sodium azide in the presence of Pd,(dba); and Xantphos to afford 4-substituted 
(1H)-1,2,3-triazoles (27, R?,R2= H); the mechanism of this remarkable triazole syn- 
thesis is under current investigation. In this context it should be mentioned, that 
microwave-assisted cycloaddition of polymer-bound vinyl sulfones and NaN; leads 
regioselectively to (2H)-4,5-disubstituted 1,2,3-triazoles [498]. 
(2) §-Enamino ketones or esters 30, readily accessible from 1,3-diketones or f-ketoesters, 
are susceptible to diazo transfer (REG1Tz reaction [499]) with mesyl or tosyl azide in basic 
medium at room temperature and subsequent cyclization to give 4-acyl-(or 4-carbalkoxy-) 
1,5-substituted 1,2,3-triazoles 32 [500]: 


O O O 
R2 
R2 R-SO,N,, NaH R2 No N 
| ee —— rh 
R' : 
nN 
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Primarily, B-imino-(a-diazocarbonyl) compounds 31 are formed, which spontaneously 
undergo ring-closure (presumably in a 1,5-electrocyclization) to triazoles 32. 
(3) Some earlier methods start from 1,2-dicarbonyl systems. Bishydrazones 34 (R’ = H) 
of 1,2-dicarbonyl compounds are transformed into 1-amino-1,2,3-triazoles 33 by oxidative 
cyclization, for example, with MnO: 


R Ri =H: H R' = Ph: R 

I. MnO, R.N-N-R i = 

R ‘ H > Ne ' 
i ROSN-N-R' ~ R-NH, NT 
NHp 
33 34 35 


1,2-Bisphenylhydrazones (‘‘osazones’”’) of 1,2-dicarbonyl compounds (34, R’ = Ph) give 
2-phenyl-1,2,3-triazoles (“osotriazoles’’; 35, R’ = Ph) on heating or on oxidation. 

In recent applications of this methodology, a-hydroxyacetophenones or benzoins, and 
phenylhydrazine [501] as well as a-amino acetophenones and phenyl- or methylhydrazine 
[502], both in the presence of CuCl), were utilized for the synthesis of 2-substituted 
1,2,3-triazoles, for example: 


Ph-NH-NH, Ph Ph-NH-NH, — 
Ph a CuCl, tr CuCl, t 
rs 1 << 
OH SyN Ph — NH, 


The mechanistic details of these triazole syntheses are not completely clarified. 


1,2,3-Triazole forms colorless, sweet-tasting, hygroscopic crystals, mp 24°C, bp 209°C, 
which are soluble in water. 

Natural products derived from 1,2,3-triazole are not known. A number of pharma- 
ceuticals contain the 1,2,3-triazole structure; for example, it is used to modify the 
pharmacokinetic properties of the clinically employed B-lactam antibiotic cefatrizin (36): 


N 
fe) ys ‘N CH=CH N I 
H uw =n’ ‘nn 
HO CH,-N—C—NH os Ph Ph 


Nw CH, 37 
SN 
NH 


The synthesis of 2-aryl-1,2,3-triazoles of type 37, which are used as optical brighteners, is 
the subject of numerous patents [454]. 

Among the synthetic applications of 1,2,3-triazoles and 4,5-dihydro-1,2,3-triazoles, the 
dediazoniation to form 2H-azirines or aziridines is of relevance. 
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5.46 
Benzotriazole 


The UV spectra of simple benzotriazoles show the following absorptions: 


Compound Wavelength (nm) (log ¢) 
Benzotriazole 259 (3.75), 275 (3.71) 
1-Methylbenzotriazole 255 (3.81), 283 (3.68) 
2-Methylbenzotriazole 274 (3.96), 280 (3.98), 285 (3.97) 


(1) Benzotriazole is a very weak base, but (with pK, = 8.2) is an N—H-acid stronger than 
1,2,3-triazole (pKa = 9.3), benzimidazole (pKa = 12.75) and indazole (pKa = 13.86). In 
its conjugate base, the benzimidazolyl anion (1), the fused benzene ring apparently 
participates in the delocalization of the negative charge and thus effects additional 
stabilization: 


In analogy to 1,2,3-triazole (cf. p. 259), for benzotriazole two tautomers, a 1H-form and 
a 2H-form, are possible: 


1H-form 2H-form 


Due to their dissymmetry, benzotriazoles substituted in the benzene part show three 
tautomers. In solution, the equilibria are positioned almost entirely on the side of 
the 1H-form [503]. Although the 2H-tautomers possess an orthoquinonoid structure, 
NMR-spectra of 2-methylbenzotriazole indicate large 1-delocalization (comparable to the 
case of 2-methylindazole, cf. p. 244). 

(2) Alkylation of benzotriazole yields mixtures of 1- and 2-alkylbenzotriazoles. However, 
acylation and sulfonylation give only 1-substitution products, as well as reaction with 
phenylisocyanate leading to (1-phenylcarbamoyl)benzotriazole (2): 
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N N 
CL N + Ph-N=C=Q  ———> CL N 2 
N N 

of 


N-Ph 
H 


Electrophilic substitution reactions only occur at the benzene part of benzotriazole. 
Nitration gives mainly the 4-nitro compound, whereas chlorination with concentrated 
HCl/ HNO; yields 4,5,6,7-tetrachlorobenzotriazole. 

Interestingly, oxidation of benzotriazole with KMnOy, cleaves the benzene ring and 
produces 1,2,3-triazole-4,5-dicarboxylic acid thus documenting the stability of the triazole 
system against oxidation. 

(3) Photochemical dediazoniation of 1-phenylbenzotriazole (3) leads almost 
quantitatively to formation of carbazole, presumably via a diradical intermediate 4 
(GRAEBE-ULLMANN feaction): 


N ° 
Oh + OO — 
N —Np N N 
a H 
3 4 
(1) In the standard synthesis for 1H-benzotriazoles (6, R’ =H) [504], 


o-phenylenediamines are monodiazotized to give the diazonium ion 5, which 
cyclizes by intramolecular electrophilic attack at the ortho-NH)-group: 


<< @ 
Sy -NHe NaNO,, HOAc Sy - NEN R'=H cS i 
a es egg ie 
om aN N 
NH> NH iy 
5 6 
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(2) Ina recent application of benzyne click chemistry [505], a variety of 1-substituted 
benzotriazoles (6, R’ = alkyl, aryl) was prepared by 1,3-dipolar cycloaddition of alkyl or 
aryl azides to benzyne generated from (2-TMS)phenyltriflate (7) by 1,2-elimination with 
CsF as fluoride source. This methodology tolerates a wide range of functional groups. 


[D| Benzotriazole, colorless crystals of mp 99°C, cannot be distilled at normal pressure. 
Benzotriazoles do not occur in nature but nevertheless have found pharmaceutical 
and technical applications. For instance, the dopamine antagonist alizaprid (8) is an 
antiemetic: 
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Benzotriazole itself is a useful corrosion inhibitor, especially for copper. It renders 
the metal passive by forming a layer of insoluble copper(I)benzotriazole. Benzotriazole 
stabilizes photographic emulsions and delays fogging. 

Compounds such as 2-(2-hydroxy-5-methylphenyl)benzotriazole (9, tinuvin P) absorb 
UV light in the region of 300-400nm and are used as radiation protection agents, 
for example, for the prevention of sunburn, and also as photostabilizers for plastics, 
rubber and chemical fibers [506]. Polynitro-1-phenylbenzotriazoles have been tested for 
suitability as explosives [507]. 

Most synthetic applications of benzotriazoles are based on the acceptor functionality of 
the benzotriazol-1-yl moiety, that is, on the stability of the benzotriazolyl anion. 


(1) For instance, 1-chlorobenzotriazole is used as a chlorinating agent. It transfers a 
Cl* ion to the substrate. An example is the chlorination of carbazole in dichloromethane 
to give selectively 3-chlorocarbazole. 

(2) 1-Hydroxybenzotriazole (10, HOBt) is used a co-reagent in the DCC method of 
carboxyl activation in peptide coupling [508], it reduces racemization and prevents the 
formation of N-acylureas. HOBt is prepared by condensation of 1-chloro-2-nitrobenzene 
with hydrazine. 


(3) 1-Aminobenzotriazole (11) is utilized as a precursor of the reactive intermediate 
benzyne, which is generated from 11 by oxidation with Pb(OAc)4 and then trapped in 
situ, for example, by dienophiles. 

(4) The preparation of a variety of organic compounds can be carried out using 
benzotriazole as auxiliary system [509]. For instance, the synthesis of methyl ethers is 
achieved as follows: 


q Bt 
* MeO).CH, / H* BuLi / THF 
Cx No ee. Come. ‘CH- OMe 
a Li 
Bt 2. R2 
4RLX ‘CH-OMe + R*- Mgl CH-OMe 
Bt : benzotriazol-1-yl ~Lix ’ 7 


A — Bt- Mgl ai 


Analogous Benzotriazole-mediated syntheses are available, for example, for diaryl- 
methanes, dieneamines, and N, N-disubstituted thioureas (KATRITzKy methodology, 1990; 
for applications in heterocyclic synthesis, cf. Ref. [510]). 
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5.47 
1,2,4-Triazole 


This system was known as s-triazole (s for symmetric). It is aromatic, like its structural 
isomer 1,2,3-triazole. Its ionization potential is 10.0 eV. Therefore, its HOMO is as low 
as that of 1,2,3-triazole. The dipole moment in the gas phase is 2.72 D and in dioxane 
3.27 D. The UV absorption maximum (measured in dioxane) is 205 nm (loge = 0.2). The 
‘HNMR spectrum of 1,2,4-triazole (in hexamethylphosphoric acid triamide (HMPT)) 
shows a C-H-signal at 6 = 8.17 and an N—-H-signal at 6 = 15.1. Only one signal at 
6 = 147.4 is observed in the .CNMR spectrum (methanol-d,) because of time-averaging 
due to tautomerism. At —34°C, however, the C—H-signal is split into two peaks, 6 = 7.92 
for 3-H and 8.85 for 5-H. 

Every C-atom in 1,2,4-triazole is linked to two N-atoms. As a consequence, the C-atoms 
are m-deficient. MO calculations yield values up to 0.744 for the m-electron density in 
positions 3 and 5. The electron density on the N-atom is correspondingly high. 

The following reactions describe the chemical properties of the 1,2,4-triazole system. 


(1) Acid base reactions, annular tautomerism 


(a) 1,2,4-Triazole is a weak base (pK, = 2.19); protonation occurs at N-4. 1,2,4-Triazoles 
unsubstituted on nitrogen are N—H-acidic (parent compound: pK, = 10.26); they form 
alkali salts, their Cu and Ag-salts are sparingly soluble in H,O. For comparison, the 
isomeric 1,2,3-triazole shows pK, = 1.17 and pKa = 9.3. 

(b) In principle, for monosubstituted 1,2,4-triazoles 1, three tautomeric forms are 
possible: 


R wi, H. ei 
N N= N 
ae —=-— FEN. : 'N 


u — —= & 
N’ H 
i 
ta: 1H-form 1b: 2H-form 3H-form 


For the parent compound (1, R = H), tautomers 1a and 1b are identical 1H-forms, 
which are dominant in solution equilibria. Microwave spectra show that only the 
1H-form exists in the gas phase. Accordingly, 3- or 5-monosubstituted 1,2,4-triazoles 
form interconvertible 1H-tautomers. 


(2) Reactions with electrophilic reagents 


Electrophiles attack preferentially at the N-atoms of 1,2,4-triazole and of the 1,2,4-triazolyl 
anion. 
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(a) Sodium 1,2,4-triazolide on reaction with (CH30)2SOz gives a mixture of 1-methyl- and 
4-methyl-1,2,4-triazole in proportion of [~9 : 1]. Similarly, benzylation, acylation, methoxy- 
carbonylation, and silylation can be carried out, leading again mainly to 1-substituted 
1,2,4-triazoles [511]. 

Quaternization of 1-methyl-1,2,4-triazole (2) with [(CH3)30]BF4 proceeds stepwise and 
leads finally to the trimethyl dication 3: 


Me. @ Me. © 
N ‘N iS) ‘N 
= [(CH,),O1BF, BF ‘A ® 
ee —$— > a & N=Me OF 
I 
Me 2 Me Me 3 


(b) SgAr-reactions at carbon, for example, nitration and sulfonation, proceed very slowly. 
Halogenation with Cl) or Br, leads to (3)5-halogeno-1,2,4-triazole 5 via primary 1-halogeno 
intermediates 4: 


N Na eA : 
\ Xe l N = 
li N \ — 
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Ne ~HX N 2X q <—— &.NH 
H X Hy 
(X = Cl, Br) 4 5 


Retrosynthesis of 1,2,4-triazole reveals, that C-3 and C-5 are on the oxidation level of a 
carboxylic acid; therefore, disconnections a—d are reasonable. Disconnections a, b, and 

c lead to acylated amidrazones 6-8 and further to amidrazones and carboxylic acids 

or their equivalents as possible educts for synthesis; disconnections a and c lead to 
1,2-diacylhydrazines 7 and NH; as starting materials. 


In actual syntheses of 1,2,4-triazoles [512], these essentials of retroanalysis are reflected. 


(1) Acyl hydrazines undergo cyclocondensation with carboxamides, thioamides, and 
S-methyl-isothioamidinium iodides [513] under acid catalysis as well as with nitriles under 
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base catalysis [514] to give 3,5-disubstituted 1,2,4-triazoles 10 (PELLIZARI synthesis), for 


example: 
2 
® Ox -R? Og -R? . 
NH, © i NH,OAc, SiO, NH, ~S~ Ht N= 
ule a; a aes Oe | eminem ON 
R'” “SCH HN Ht R'” ~N 2 
— HSCH, 9 10 
As primary products, acylamidrazones of type 9 are formed, whose cyclization to 
1,2,4-triazoles 10 requires Ht -catalysis. 
In a modification of the PEtiizAri principle, diarylhydrazonyl chlorides 11 were 
cyclocondensed with nitriles promoted by Yb(OTf)3 as Lewis-acidic catalyst [515]: 
Cl 4 N=C-R, woe (1) cyclisation N au 
Lewis acid NZ (2) —H* = 
aN. Set —— 
ee ee ale H) pPrAy Naar 
Ph N° “Ar 
11 12 13 


As a mechanistic rationale, LEwis-acid mediated nitrile N-alkylation (11 — 12) could 
be the primary step; the nitrilium ion 12 undergoes cyclization via the hydrazone moiety 
to afford 1,3,5-trisubstituted 1,2,4-triazoles 13. 

(2) Acid-catalyzed cyclocondensation of diacylamines, preferentially N-acylformamides 
14, with monosubstituted hydazines gives rise to 1,5-disubstituted 1,2,4-triazoles 16 
(EINHORN-BRUNNER synthesis), for example: 


NH, : N 
H* H 
ee ee ee ee en 
R! (e) R2 H,0 aS NH —H,0 N 
R'“No ne 
14 15 16 


With N-acylformamides 14, the hydrazine moiety condenses chemoselectively with 
the (more electrophilic) formyl C=O group to give the formic acid acylamidrazone 15, 
whose cyclization leads to the 1,2,4-triazole system 16. 

(3) Acylhydrazines, carboxamide acetals, and primary amines are cyclocondensed in an 


efficient one-pot three-component process to afford 3,4,5-trisubstituted 1,2,4-triazoles 17 
[516]: 
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In the primary step, the hydrazide reacts with the amide acetal to give an acylamidrazone 
of type 18 (in acetonitrile solution), which undergoes transamination with the primary 
amine (18 — 19) on addition of HOAc. 

This MCR synthesis, in principle, is related to the (earlier) formation of 3,5-disubstituted 
1,2,4-triazoles 22 by cyclocondensation of 1,2-diacylhydrazines 20 with ammonia, which 
likewise proceeds via an amidrazone 21 acylated at the terminal hydrazone position: 


Ox LR? Ox PR? R? 
oy +NH, NH, \~ N= 
BL NH Ay, NH iQ NH 
R! : -H,O0 R! N -H,0 R N’ 
20 21 22 
1,2,4-Triazole forms colorless crystals, mp 121°C, bp 260°C. It is soluble in water. [>] 


3-Amino-1,2,4-triazole (24), colorless crystals of mp 152°C, is prepared by thermal 
cyclocondensation of aminoguanidinium formiate (23): 


NH 
HoN_ HoN 2 
po Rey 
H + y 

NH U ON 
IO, HoN ~2H,0 N 
23 24 


When treated with NaNO) in aqueous HCl (a), 24 is transformed to 3-chloro-1,2,4-triazole 
(26) due to nucleophilic displacement of the N} -group in the diazonium ion 25 by chloride 


(SANDMEYER reaction). 
When, however, diazotization of 24 is performed with iosamyl nitrite in MeOH/H20 


in the presence of a N,N’-dialkylaniline under CO2-pressure (b), azo dyes 27 are obtained 
in quantitative yield [517]. Presumably, this reaction proceeds via the hydrogencarbonate 


salt of the diazonium ion 25. 
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1,2,4-Triazoles have not yet been found as structural units of natural products. 

1,2,4-Triazoles have been applied as biocides. 3-Amino-1,2,4-triazole (amitrole, ami- 
zole) is an unselective herbicide. Triadimenol (28) is a very effective fungicide, its absolute 
configuration 1S,2R is essential for its activity [518]. The fungicides of the 1,2,3-triazole 
type inhibit ergosterol biosynthesis in fungi. 


u XM Ph, IN-Ph 
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/E| Some interesting applications of 1,2,4-triazole derivatives in analytical chemistry and in 
organic synthesis are known. 


(1) Nitron (29), a mesoionic 1,2,4-triazole, forms an almost insoluble nitrate and was 
therefore used as a reagent for the detection and gravimetric determination of nitrate 
ions. Nitron forms a covalent compound with poly(4-chloromethyl)styrene which can 
remove nitrate from water. 

(2) 1,2,4-Triazole itself can be utilized as catalyst for transacylation reactions, for 
example, for peptide formation from N-protected amino-4-nitrophenyl esters and amino 
acids proceeding without racemization. 

(3) A representative example of the use of triazole reagents as organocatalysts in 
synthetic transformations [519] is the oxidation of allylic, propargylic, and benzylic 
alcohols to the corresponding carboxylic esters by MnO) in alcohol solvents, which is 
mediated by 1,4-dimethyl-1,2,4-triazolium iodide (30) in the presence of DBU as a base 
[520], for example: 
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(4) The 1,2,4-triazolium salt 30 serves as precatalyst, it is transformed by deprotonation 
to the catalytically active substrate 31, a heterocyclic (nucleophilic) carbene (cf. p. 221). 
(5) It was shown, that a tandem oxidation process occurs, in which initially the allylic 
alcohol is oxidized in situ by MnO, to the corresponding aldehyde 33: 
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oxidation 


(6) Aldehyde 33 enters the catalytic cycle by addition of the carbene 31 to the C=O group 
giving rise to the secondary alcohol 35, which is oxidized by MnO; to the acyltriazolium 
ion 34. As an activated acyl source, 34 undergoes acylation of the alcohol R’ — OH and 
brings about the allylic ester 32; concomitantly, the heterocyclic carbene is regenerated 
thus completing the oxidation process. 


5.48 
Tetrazole 


Tetrazole contains three pyridine-like atoms and one pyrrole-like N-atom. It is aromatic 
because it contains six delocalized m-electrons. With a value of 11.3 eV, tetrazole has the 
highest ionization potential of all azoles. The tetrazole ring resists even strong oxidizing 
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agents because of its low HOMO. The dipole moment in the gas phase is 2.19 D and 
in dioxane 5.15 D. From this great difference, it can be concluded that the 2H-form 
predominates in the gas phase and the 1H-form in solution. Its associated nature in 
solution could contribute to this difference. The tetrazole ring gives rise only to a weak 
absorption in the region of 200-220 nm in the UV spectrum. In the ‘HNMR spectrum 
of tetrazole (in D,0), the 5-H signal appears at 6 = 9.5; the ¥C signal (in DMF) occurs at 
5 = 143.9. Compared with the other five-membered heterocycles, the m-deficiency at the 
C-atom in tetrazole should be most marked. 

The following reactions describe characteristic chemical properties of tetrazoles. Tetra- 
zoles, in general, should be handled with care, since even crystalline derivatives are liable 
to decompose explosively with elimination of nitrogen. 


(1) Acid-base reactions, tautomerism 


(a) Among comparable azoles, additional nitrogen atoms bring about decrease of basicity 
and increase of acidity, as shown by the following series: Pyrrole (pK, = 10.58, pK, = 
17.51), pyrazole (pK, = 2.57, pKa = 14.21), 1,2,3-triazole (pK, = 1.17, pK, = 9.3), and 
tetrazole (pK, = —3.0, pKa = 4.89). Thus, in the azole series, tetrazole is the weakest 
base, but the by far strongest N-H-acid (in the order of magnitude of HOAc, pK, = 4.76). 

5-Substituted tetrazoles can be regarded structurally as nitrogen analogs of carboxylic 
acids, since they are isosteric due to the similar spatial demand of the groups -CN4H and 
—COOH. This is one of the reasons, why tetrazole units are often used to replace COOH 
groups in pharmaceuticals (bioisosterism, cf. p. 100). 


Ny _ 
a N=NI 
N=N 
R“ Wo + HO === = pln 1+ HyOt 
N- N* 
N N 
fe) Ol 
RK + HO == RXiO + H,0F 
OH Ol 


1H-Tetrazoles form stable alkali salts (derived from the tetrazolyl anion 1); the Cu- and 
Ag-salts are poorly soluble, but explosive. 
(b) Annular tautomerism is observed for 1 H-tetrazoles. For instance, the parent compound 
shows in solution an equilibrium mixture of the 1H-tautomer 2 and the 2H-tautomer 
3. As revealed by NMR-spectroscopy, the 1H-form predominates over the 2H-form. For 
comparison, two isomeric dimethyl tetrazoles 4/5 are known: 


N-N N=N va: N=N 
/ ww 1 t . 1‘ 
HAN ars HAN H3C N° Hoo y-N-cH 
H CHs 
2 3 4 5 


Ring-chain isomerism is observed for 1,5-disubstituted tetrazoles (6), since they are 
capable of (reversible) isomerization to ring-open azidoimines (7) [521]: 
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N-N 
piA oN va Le a ew ay 
R2 
6 i 7 
Azidoimines (7) can be regarded as 1,5-dipoles, their ring-closure to tetrazoles 6 
as 1,5-electrocyclization. The equilibrium position depends on the nature of the sub- 
stituents R! and R*. Ring-chain isomerization is frequently observed in bi- and polycyclic 


tetrazoles, for example, for imidazo[2,3-c]tetrazole (8), for which an equilibrium with 
2-azidoimidazole (9) is established: 


N 
H 8 


-N — = 
VA Ns — fy ~N N 
Cx —EEES Chen. <r, 
H ~O 


(2) Reactions with electrophilic reagents 
(a) Alkylation of tetrazoles may occur on N-1 or on N-2 ina proportion depending on the 
5-substitutent. Thus, sodium tetrazolide reacts with CH3] to give a mixture of 10 and 11 


in a ratio of 2: 1: 


N==N ® CHs|, CH,OH 


N-N N=N 
fi vw + ‘ 
nAyN HA, Nach, 
10 CHs 11 


Both 1- and 2-substituted tetrazoles are susceptible to quaternization. Selec- 
tive 1-alkylation of 5-alkyltetrazoles can be accomplished via quaternization of 
5-alkyl-2-(tri-n-butylstannyl)tetrazole followed by destannylation [522]: 


R 
. @ iS) N-N 
N=N one N=N | 


‘ > M ° 
HooSy-N~SnBu, HooAy-N~snBug ~ Bu,Sn-l : fi 


12 


Formation of the 4-alkylated quaternary tetrazolium salt 12 presumably is due to 
sterical shielding of the neighboring N-atoms by the voluminous Sn(nBu); residue thus 
acting as protective group. 

Acylation of tetrazoles with acyl halides occurs in the 2-position, but the products are 
stable only in solution (see below). 

(b) Some SgAr reactions on the tetrazole C-5 position are known. Thus, 1-and 
2-phenyltetrazole undergo bromination and acetomercuration, but on nitration 
(HNO3/H SO,) substitution at the phenyl ring occurs. 


275 


ee 


276| 5 Five-Membered Heterocycles 
(3) Reactions with nucleophilic reagents, metalation 


(a) 5-Halogenotetrazoles undergo nucleophilic substitution, for example, with amines. 
Likewise, phenols in the presence of K,CO; effect displacement of halogen by phenolate, 
for example: 


aon + Ar-O” va Hp, Pd-C aN 
N — ———__> ; 
Gl N’ of ArO N — ArH Oo N 
Ph 13 Ph 14 Ph 


On catalytic hydrogenation, the 5-aryloxytetrazoles 13 produce arenes Ar-H and a 
tetrazolone 14; this tetrazole-mediated sequence establishes a method to deoxygenate 
phenols Ar-OH. 

(b) 1-Methyltetrazole is metalated by nBuLi at —60°C in the 5-position; at temperatures 
above —50 °C the metalated tetrazole 15 decomposes by elimination of N2 and formation 
of the Li-salt 16 of N-methylcyanamide: 


N-N nBuLi N<N . - 
re ‘N -60 °C Li An >-50°C Li-N-CEN 
° _ . 
. ie No ? CH3 
CH, 15 3 16 


5-Alkyltetrazoles substituted in the 1-position are metalated by nBuLi at the alkyl 
substituent (probably induced by the acceptor quality of the tetrazole moiety). The 
side-chain-metalated products are stable at room temperature and can be functionalized 
by reaction with appropriate electrophiles, for example, CO) leads to carboxylation giving 


rise to 17: 
N-N i N-N (1) CO, N-N 
I] w NbBULti I] w (2) H,O ij vw 
HooAyN — LiHso AN = _s& HOOC-H,C~ 
1 1 
CH, CH; 17 CH; 


(4) Thermal and photochemical reactions 


(a) On thermolysis or photolysis, 2,5-disubstituted tetrazoles undergo fragmentation 
leading to elimination of N2 and formation of nitrilimines 18 [523]. The 1,3-dipoles 
18 can be intercepted by cycloaddition reactions; for example, with activated alkynes, 
pyrazoles 19 are obtained: 


® = 
na peeege” Aor hv R-C=N-N-R H-=coome te OOMe 
R2-\,,-N-Rt ——_ > ON e=e — 
N —N, R Sy-NeR 
® _O 
R-C=N-N-R 19 
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Thus, thermolysis of 2,5-diphenyltetrazole in methyl propiolate at 155-165 °C afforded 

19 (R = Ph) asa 79: 21-mixture with its regioisomer. The photochemical fragmentation of 
unsubstituted tetrazole was observed by matrix-spectroscopic identification of nitrilimine 
(18, R = H) [524]. 
(b) 2-Acyltetrazoles 20, obtained in solution by acylation of tetrazoles with R-COCI (see 
p. 275), decompose thermally even at room temperature with elimination of N2. The 
acylnitrilimines 21 thus generated stabilize (presumably via 1,5-electrocyclization) by 
formation of 1,3,4-oxadiazole 22 [525]: 


@ —_O 
ee ic NN N-N 
RIS a od = a por? —_—____> nia Dre 
- R 
20. <2 21 ae 


(1) Standard approach for the synthesis of tetrazoles [526] is the reaction of inorganic 
or organo-substituted azides with nitriles. 

(a) 1H-Tetrazoles 23 are prepared from nitriles and NaN3 (in DMF or in the presence 
of ammonium salts [527], of Sb2O3 [528], of FeCl;-SiO2 [529]) followed by HX or — most 
efficiently and widely applicable —- organoaluminum azides, followed by HX [530], for 
example: 


R-CEN Nea EuAl, " Pat 
%, es > 
on) AIEtp a | = Pa ee 
N=N=N N=N=NO R SN’ H 
@ 2 23 


Although the mechanism is not yet established, it is suggested that the Al center acts 
as Lewis acid and activates the nitrile function for azide addition. 
(b) 1,5-Disubstituted tetrazoles 24 are obtained from 1,3-dipolar cycloaddition of alkyl, 
aryl, trialkylsilyl, and trialkylstannyl azides to nitriles [531]: 


® NY on 
mW NN \ A ~ w 
(omme N = U 
Be niA,.N 
1 : 
R INI a2 
R® 24 


These cycloadditions, in general, require harsh conditions. A Cu2(OTf)2-catalyzed mod- 

ification proceeds under mild conditions and microwave control with EWG-substituted 
nitriles [532]. 
(c) 1-Substituted tetrazoles 25 have been obtained (i) from isonitriles and TMS-N;3 by 
cycloaddition followed by protiodesilylation with HCl [533] and (ii) from primary amines, 
orthoformiate, and NaN; catalyzed by ionic liquids [534], Yb(OTf)3 [535], or In(OTf); 
[536]: 
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— HCl, MeOH N-N 
R-N=O + TMS-Ng Ny 
tt. 
R-NH,+ HC(OEt)gy + NaN, — “7 4 
25 


The mechanisms of these reactions (i)/(ii) are not yet clarified in detail. 
(2) 1,5-Disubstituted tetrazoles 24 are obtained by reaction of imidoyl chlorides 26 with 
NaN3 [537] or of imidoyl-1-benzotriazoles 28 with NaN3/TFA [538]: 


Gl NaN 
26 ise 3 OT Neu Na 
Bt NaN, TFA <. As, -F <— piXn 
28 iy Bt = Cu i 
I 27 24 


As primary products, imidoyl azides 27 are formed, which cyclize (in the course of a 
ring-chain isomerization) to triazoles 24. 
(3) Tetrazolium salts of type 30 are the products of oxidative cyclization of formazans 


29 [539]: 
H Ph +HCl, + [0] R 
N-N-R ® n-NH -H,O N-N’ 9 
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Formazans 29 are obtained from the reaction of arenediazonium salts with arylaldehyde 
hydrazones. 

When R= phenyl, the colorless 2,3,5-triphenyltetrazolium chloride (30, R = Ph) is 
formed, which is reduced to the red formazan (29, R = Ph) by reducing agents. By this 
method, the part of a cell, in which biological reduction processes occur, for example, 
initiated by reducing enzymes, can be detected. 

(4) When Risa good leaving group, for example, a tosyl group, the formazan undergoes 
cyclization without oxidant to give 2,5-diphenyltetrazole. 


[D| Tetrazole, colorless crystals, mp 156°C, is soluble in water. The existence of intermolec- 
ular hydrogen bonds has been demonstrated spectroscopically. 
5-Aminotetrazole (31), colorless crystals, mp 203 °C, is prepared either by cycloconden- 
sation of aminoguanidine with nitrous acid or by cycloaddition of hydrazoic acid with 
cyanamide: 
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5-Aminotetrazole (31) is diazotized with NaNO2/HCI to give the diazonium salt 32, 
which is highly explosive and can be handled only in solution. Warming of a solution 
of 32 brings about elimination of HCl and leads to the diazonium betaine 33, whose 
decomposition gives rise to Nz and “‘monoatomic’”’ carbon. 

Hypophosphorous acid brings about reduction of 32 to tetrazole. 

1,5-Diaminotetrazole (35) is prepared from thiosemicarbazide by H2S-elimination with 
PbO and cycloaddition of hydrazoic acid to the intermediately formed aminocarbodiimide 
(34): 


Ss N-N 
PbO HN yo 
> =CoN— —— UN 
HAN NCNM, aw HN=C=N NH, HN, 
—H,0 34 NH 


35 


1,5-Diaminotetrazole is the parent compound for the synthesis of a new class of 
tetrazole-based high-energy polynitrogen explosives [540]. 

Many tetrazole derivatives show biological activity. 1,5-Pentamethylenetetrazole (36, 
pentetrazol, cardiazol) is the most widely known representative of such compounds. It 
is a CNS-active cardiac and respiratory stimulant, and narcotic antagonist; it is prepared 
via caprolactam by addition of NaN; and H2SO, to cyclohexanone (SCHMIDT reaction): 


+HN, oO +HN, oN 
OQ —— > ,N 
—Np NH ~H,0 Navy 


Tetrazole derivatives are frequently used as metabolically stable surrogates for carboxylic 
acids (due to bioisosterism, cf. p. 274), as tetrazoles generally offer a more favorable 
pharmacokinetical profile [541]. Incorporation of tetrazole functionalities is especially 
found in antihypertensives (angiotensin II antagonists) of the sartan family, for example, 
irbesartan (37), losartan (38), and valsartan (39) [542]: 
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37 38 39 


Further examples are the tetrazole analogs of nicotinic acid (40) (reducing the fatty acids 
and cholesterol levels in blood) and of aspartic acid (41): 


N-N Nagy 
ZH — HOOC-CH-CH,—& u 
SS | H NH3 N 


N 
40 41 


5-Sulfanyltetrazoles stabilize photographic emulsions and retard fogging. 
Apart from tetrazole, further five-membered heterocycles with four heteroatoms are 
known, namely two structurally isomeric oxatriazoles and thiatriazoles, respectively: 


N-N 
o rn N-N NN 
XN Nv. N,N 
Xx N 
I 
1,2,3,4- 1,2,3,5- H 
oxatriazole (X = O) 42 43 
thiatriazole (X = S) NMe, 


These systems are not discussed in detail. 

Replacement of the sp?-C-atom in tetrazole leads to the pentazole system. The parent 
compound 42 is not known thus far, however, arylpentazoles have been isolated from 
the reaction of arene diazonium salts and NaN; at temperatures below —30°C [543]: 


fC) —+ Vs A 
Ar—N=N + Ng N.S Ar-N3 
——_ “NC -N, 
Ar 


(4-Dimethylaminophenyl)pentazole (43) has proved to be stable up to +50°C. At higher 
temperatures, arylpentazoles undergo decomposition leading to N2 and aryl azides [544]. 
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6 
Six-Membered Heterocycles 


As in five-membered heterocycles, ring strain in six-membered heterocycles is of little or 
no importance. Pyran and thiine (thiopyran), with an oxygen or sulfur atom, respectively, 
and pyridine, with a nitrogen atom, are the parent compounds of six-membered neutral 
heterocycles with one heteroatom and the maximum number of noncumulative double 
bonds. In contrast to pyran and thiine, pyridine exists as a cyclic conjugated system. 
However, by (formal) abstraction of a hydride ion, both pyran and thiine can be converted 
into the corresponding cyclic conjugated cations, that is, the pyrylium and the thiinium 
(thiopyrylium) ions. 


Za ~~ S 

1 oa oa 
SN O O Ss s 
pyridine 2H-pyran 4H-pyran 2H-thiine  4H-thiine 
Ye 
a A 
<2 @! 


pyrylium ion thiinium ion 


Therefore, the simplest benzene analog in the series of six-membered heterocycles 
with one oxygen atom is the pyrylium ion. 


6.1 
Pyrylium lon 
E48 
21 4 
fe) 
® 


The pyrylium ion possesses the structure of a planar, slightly distorted hexagon with 
C-C and C—O bonds of more or less equal length. This follows from the X-ray anal- 

ysis of substituted pyrylium salts, for example, the 3-acetyl-2,4,6-trimethyl system (see 
Figure 6.1). 
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Figure 6.1 Bond parameters of the pyrylium system in the 
3-acetyl-2,4,6-trimethyl pyrylium ion (bond lengths in pm, bond 
angles in degrees). 


The spectroscopic data, in particular the NMR spectra, indicate that the pyrylium ion 
is an aromatic system in which the z-electron delocalization is strongly perturbed by the 
positively charged heteroatom: 


UV (ethanol): 4 (nm) (€) 1H NMR (CF3COOD): 5 (ppm) 13¢ NMR (CD3CN): 6 (ppm) 
208 (3.99) H-2/H-6: 9.22 C-2/C-6: 169.2 
H-3/H-5: 8.08 C-3/5: 127.7 
H-4: 8.91 C-4: 161.2 
Comparison with H-2/H-6: 9.23 C-2/C-6: 142.5 
pyridinium ion (CDCl) H-3/H-5: 8.50 C-3/C-5: 129.0 
H-4: 9.04 C-4: 148.4 


The influence of the oxonia-oxygen is especially noticeable in the ring positions C-2, 
C-4, and C-6; their H- and °C-resonances are shifted further downfield than in the 
iso-m -electronic pyridinium ion (see p. 345). For this reason, the m-electron density 
distribution in the pyrylium ion can be described by simple mesomeric structures: 


(3) 
Orie 20 
> _ a a = > a = 
og 6-8 eso 5 
® 


Among the reactions of pyrylium ions addition of nucleophiles to the ring positions 2, 
4, and 6 and subsequent reactions play a dominant role [1]. As shown by the following 
examples, the position of attack and the product formation depend on the choice (or 
electronic properties) of the nucleophile as well as that of the ring substituents. 


(1) 2,4,6-Trisubstituted pyrylium ions 1 undergo ring-opening with aqueous alkali 
giving rise to the (tautomeric) enediones 3/4: 


7 R R 
(o} a a 
| OL] = Kerb Eee 

R~So R~~OH R~So R~ OH 
R Le eS oH R 
2 3 4 


OH 
Ss 
RO" “A +CH,O Ph Ph. OMe 
@ eases 
© R=Ph > SS i | 
; ik | = of 
Ph~ ~O Ph~ ~O 
Gael Ph 


6.1 Pyrylium lon 


Primary step is the addition of hydroxide at C-2 and formation of a 2-hydroxy-2 H-pyran 
2, which as hemiacetal is reversibly cleaved at the O—C-2 bond to yield the products 3/4. 

This addition/ring-opening sequence — which in the case of the unsubstituted pyrylium 
ion (1, R = H) already occurs with H2O —is reversible, that is, treatment of 3/4 with 
acid reconstitutes the pyrylium system. In the reaction of the 2,4,6-triphenylpyrylium ion 
(1, R= Ph) with methoxide, C-2-addition is accompanied by C-4-addition affording the 
methoxysubstituted 2 H- and 4H-pyrans (5) and (6). 
(2) Analogously, the 2,6-diphenylpyrylium ion (7) shows addition of methoxide at C-2 as 
well as at C-4. There is some evidence that in this case the direction of addition is subject 
to kinetic and thermodynamic control; thus, 4H-pyran 8, the product of C-4-addition, 
is obtained when methoxide is added to 7 at low temperature, whereas the ring-opened 
product 10- derived from 2H-pyran 9 due to primary C-2-addition — results at higher 
temperature: 


OCH i) S) 
: + CH30 CH,O 
—30 °C S +20°C _ —_ 
| | a ae | Ph| == ; | 
Ph~ ~O7 >Ph Ph7 “9” ~Ph Ph~ ~O cH, Ph OPH “OCH, 
8 7 9 10 


(3) When organometallics, for example, GRIGNARD compounds, are added to 2,4,6- 
trisubstituted pyrylium ions, for example, 13, predominantly 2 H-pyrans, for example, 12, 
are formed, which undergo thermal (presumably electrocyclic) ring-opening to dienones 
11. An exception is Ph-CH2-MgCl, which (for unknown reasons) gives the 4H-pyran 14: 


CH CH; CH 
— A ~N CH,MgBr Z 
7 H,c O CH, HC . CHs 
11 12 13 
PhCH,MgCl 

H3C. (CH»Ph 

| | 
H3C~ ~O~ ~CHg 


14 


(4) Of considerable synthetic value are reactions of pyrylium ions with nucleophiles, 
which — after C-2-addition and ring-opening (> 15 — 16)—have the potentiality of 
re-cyclization with incorporation of the nucleophilic center into new heterocyclic or 
carbocyclic systems (16 — 17). This reaction principle has found numerous applications 
(cf. p. 303). 
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(5) Remarkably, 2,4,6-tris(dialkylamino)pyrylium ions 18 are stable toward attack by 
nucleophiles; in contrast, they easily undergo substitution on reactions with electrophilic 
substrates (e.g., with HNO3/H2SOx, or BrCN) to afford products 19 [2]: 


BH H ZH 
ae ol = i | = | 
5 : RoHNS ~O~ ~NRp 


NR» 


R.N* SO~ ~NR> 
19 


The reactivity of 18 may be understood in terms of the electron distribution in the 
donor-substituted pyrylium ion, which apparently does not correspond to a cyclically 
delocalized 62-system (18a), but rather to that of a localized trimethine cyanine (18b/c). 
(6) Due to the charge distribution in the pyrylium system, CH; groups in the positions 
2, 4, and 6 display marked C-—H-acidity, since they are deprotonated by base. In the 
resulting enol ethers 20 or 22, the methylene groups can take part in electrophilic 
reactions of the aldol or CratsEN type (side-chain reactivity, compare p. 358): 
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Figure 6.2 Retrosynthesis of the pyrylium ion. 


Since the 4-methylenepyran system 22 is more stabilized by symmetrical conjugation 
relative to the 2-methylenepyran system 20, aldol condensation of the cation 21 with 
benzaldehyde proceeds via the 4-methyl group and affords the 4-styryl system 23 
chemoselectively. 


Retrosynthesis of the pyrylium ion (Figure 6.2) is based on the ring-opening reaction by 
hydroxide ions (cf. p. 298) leading to 1,5-dicarbonyl compounds (24-26). From these 
starting materials the synthesis of pyrylium ions can occur by cyclocondensation to 
pyrylium ions; their oxidation level is brought about by removal of a hydride ion or of a 
suitable leaving group. 


(1) 1,3-Dicarbonyl compounds and aryl methyl ketones condense in Ac2O in the pres- 
ence of strong acids to give rise to 2,4,6-trisubstituted pyrylium ions 28 (via intermediate 
formation of pent-2-ene-1,5-diones 27): 


R2 R2 R2 
O CH, SS +H NS 
+ a —— ee | ® 
Rio (0 a - R'“So 07 *R3 Os ~ 420 R'~ ~O7 “3 
27 28 


Variation of this principle of pyrylium synthesis is achieved by introducing 
related 1,3-biselectrophiles like alkoxyvinyl or chlorovinyl ketones [3]. For instance, 
2,6-disubstituted pyrylium salts 29 are obtained from two molecules of an aryl methyl 
ketone and orthoformate in the presence of strong acids (HC1O4, HBF,): 


CHs CH, HX NN 
S) 
HC(OR ————* | Xx 
ado tHCOR: + po anon eOe 
ie -H,0 
1" 2 ROH 29 
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As primary step, an alkoxycarbenium ion HC* (OR) is generated from the orthofor- 
mate, which transforms the first R-CO—CH3 into an alkoxyenone (30); both reactions 
are acid-catalyzed. MicHaet addition of the second R-CO-CH; to the alkoxyenone 30 
affords the 3-alkoxy-1,5-dienone 31, which undergoes acid-promoted cyclization to the 
pyrylium system 29 with elimination of H2O and ROH. 

(2) From propene derivatives and acid chlorides or anhydrides in the presence of a 
Lewts acid (e.g., AlCl;), a double acylation sequence leads to pyrylium salts 32 with 
variable substitution pattern (BALABAN synthesis): 


. 2 
i 1 O AICI, R 
Bik + 2 PX —— a> Lori 
Cl -HCI,—H,0 32 
1 f e, 3 
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H Ie R' S R' Cl © R 
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po“So!H =i R* ~OH cl R3“No 07 R3 
33 34 35 


In a complex reaction mechanism, the alkene is first acylated to produce a cationic 
intermediate 33, which is deprotonated to the dienol 34. A second acylation step furnishes 
the cationic 1,5-dicarbonyl system 35, whose dehydration gives rise to the pyrylium ion 
32. 

In a preparatively convenient modification of the BALABAN synthesis [4], alcohols or 
halogeno alkanes are used for the in-situ generation of alkenes. 

(3) Chalcones can be reacted with aryl methyl ketones in the presence of a hydride 
acceptor, for example, FeCl3, to give 2,4,6-trisubstituted pyrylium salts 37 (DILTHEY 
synthesis): 


Ar’ Har! Ar 
ZH CH3 Ac,O FeCl, S 
2 Cu | @z 
R“So oO” ~Ar R70 07 Sar? -H R* ~O7 Ar? 
~H,O 
36 : - 


Primary products are pentane-1,5-diones 36 resulting from Micwaet addition of the 
methyl ketone to the enone moiety. In a recent modification of the DitrHEy synthesis 
[5], two molecules of an aryl methyl ketone are cyclocondensed directly with an aldehyde 
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without an «-hydrogen by means of BF3-etherate to give symmetrical pyrylium salts with 
identical substituents in the 2- and 6-positions. 


Pyrylium perchlorate (41) forms colorless crystals, which are sensitive to hydrolysis and [|] 
decompose explosively at 275 °C. 

It can be obtained from N-acceptor-substituted pyridinium ions (cf. p. 356), for example, 
from the pyridine-SO3-complex 38 on treatment with NaOH followed by addition of 
HClOy,. Primarily, the orange-colored sodium salt of 5-hydroxypenta-2,4-dienal (39, enol 
of glutaconic dialdehyde) is formed, which subsequently cyclizes via the (symmetrically 
delocalized) red protonated species 40 [6]: 


a NaOH Z HCIO, S Z eS 
~ —— a a. | ——> [ell cio; 
Le H7~~O ~O Na HO™ H~ “OH ie) 

So§ 

38 39 40 a4 


Pyrylium salts are useful educts for the formation of a considerable range of carbocyclic LE | 
and heterocyclic systems. Practically all these syntheses follow the sequence nucleophilic 
O/C-2 — opening /re-cyclization (cf. p. 299). 


(1) The 2,4,6-triphenyl pyrylium ion reacts (a) with nitromethane in the presence of a 
base to give 2,4,6-triphenyl-nitrobenzene (43) via intermediate 42 and its intramolecular 
Henry reaction and (b) with P-ylides to give 1,3,5-triphenyl benzene derivatives 45 via 
intermediate 44 and its intramolecular Wirric olefination: 


Ph Ph Ph 
CH,NO, 
a tBuOK — 
@ | | — 
S =H,0 
Ph~ SO~ ~Ph Ph~ SO “~Ph 2 Ph Ph 
NO» NO» 
42 43 
[ fi ] Ph 
Ph,P=CHR al l 
Ph R ~PhsPO 
O ° Ph Ph 
h PPh, | U 
44 45 


(2) Benzene derivatives, for example, 46/47, are obtained from the 2,4,6-trimethyl- 
pyrylium ion on ring-opening with hydroxide ions or with secondary amines and 
re-cyclization via intramolecular aldol condensations: 
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H3C 


In the HaFNER azulene synthesis, pyrylium salts are subjected to cyclocondensa- 
tion with cyclopentadienyl anions; thus 4,6,8-trimethylazulene (50) is obtained from 
2,4,6-trimethyl pyrylium salts and Na-cyclopentadienide via intermediates 48/49 (cf. also 
p. 379). 

(3) Pyrylium salts are converted into other six-membered heterocycles by O-replacement 
with N-, S-, and P-nucleophiles: 


Thus, ammonia gives rise to pyridines 52 (via intermediates 51), whereas primary 
amines afford pyridinium salts 53. Pyridine formation occurs under mild conditions 
[4]; hydroxylamines, acylhydrazines, and urea also yield the corresponding N-substituted 
pyridine derivatives. 

Sodium sulfide primarily reacts with triphenyl pyrylium salts to a blue dienone thiolate, 
which on treatment with acid (e.g., HC1O4) cyclizes to the thiinium salt 54. 
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The analogous reaction with phosphanes, for example, P(SiMe3)3, was used for the 
synthesis of triphenylphosphabenzene (55, cf. p. 434). 

Hydrazine reacts in analogy to NH;; the cyclization step proceeds with ring enlargement 
via the terminal NH)-group and formation of the seven-membered 4H-1,2-diazepine 56. 


6.2 
2H-Pyran 


The parent compound has not yet been prepared. However, 2-substituted derivatives 
have been synthesized, for example, 1-3: 


CH H,C. ,CH, R° 
= Z ) EtOOC_AY 
| R sae | R2 
1 
H3C e) R CH ¥ 3 R (e) H 
1 (R=Me, Ph) 2 


As dienol ethers, 2H-pyrans show typical C=C stretching vibrations at 1600-1650 cm™! 
in the IR spectrum. In the 1H NMR spectrum, chemical shifts of olefinic protons, for 
example, 2 at 6 = 4.89/5.60 (3-H/4-H; CCl) are observed. 

2H-Pyrans show the chemical properties of oxacyclohexadienes; for instance, the O/C-2 
bond can take part in thermal electrocyclic ring-opening with formation of dienones, for 


example, 4 > 5: 
S A —— 
| saa | 5 —) = CH3 
O O 


This electrocyclic process is reversible; therefore dienones of type 5 can be utilized 
for the synthesis of 2H-pyrans. Thus, the bicyclic 2H-pyran 2 results from irradia- 
tion of (E)-B-ionone 6 via intermediate formation of the (Z)-isomer 7 and its oxa- 
6m-electrocyclization (6 > 7 — 2): 


E 
ote, a. ey 


Moreover, highly substituted derivatives 3 of 2H-pyran are obtained by cycloisomer- 
ization of propargyl vinyl ethers 8 mediated by successive treatment with AgBF, and 
1,8-diazabicyclo[5.4.0}Jundec-7-ene (DBU) [7]: 
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re (1) AgBF,, (cat.) EtOOC e 
EtOOC doll (2) DBU a rol 
ya CH,Cl, O 
RI7 OS pe 
8 3 
: 


rt 


Y 
R8 RS 
ae aa EtOOC. AH 
So22Se2 2s ee > | 
R'SO pp RO 7 R? 
9 10 


The Ag salt catalyzes a primary (3,3)-sigmatropic propargyl CLAIsEN rearrangement of 8 
to the allenic system 9; subsequently, DBU isomerizes 9 to a dienone 10, which undergoes 
spontaneous electrocyclization to the 2-monosubstituted 2H-pyran-5-carboxylate 3 (cf. 
p. 299). 

2H-Pyrans can undergo (4 + 2)-cycloadditions with activated multiple bonds. For in- 
stance, 2,2,4,6-tetramethyl-2 H-pyran (4) undergoes a regioselective D1ets-ALDER reaction 
with methyl propiolate to the bicyclic adduct 11, which yields methyl 2,4-dimethylbenzoate 
by thermal cycloreversion and acetone elimination: 


Ss HC=C-COOCH, . 
+ ? — 
| Ln I COOCH, 
O - ox 
1 


COOCH; 


2H-Pyrans are also formed by addition of C-nucleophiles to pyrylium ions (cf. p. 299). 
The most important derivative of 2H-pyran is the corresponding carbonyl system, that 
is, 2H-pyran-2-one, which will be discussed in Section 6.3. 


6.3 
2H-Pyran-2-one 


The bond parameters of 2H-pyran-2-one (1; earlier nomenclature: «-pyrone, 2-pyrone), 
as determined by microwave spectroscopy, correspond to an enol-lactone structure with 
alternately localized C-C double and single bonds, as shown in Figure 6.3: 


Figure 6.3. Bond parameters of 2H-pyran-2-one (bond lengths in 
pm, bond angles in degrees). 


6.3 2H-Pyran-2-one 


The 'H and 8C NMR spectra of 2H-pyran-2-one do not indicate a diamagnetic 
ring-current effect and only minor charge delocalization, although the ring protons show 
down-field shifts corresponding to values in aromatic systems, presumably caused by the 
electron-attracting ring-C=O group [8]. 


7H NMR (CDCls): 6 (ppm) 13C NMR (acetone-dg: 5 (ppm) 


H-3: 6.38 H-5: 6.43 C-2: 162.0 C-5: 106.8 
H-4: 7.58 H-6: 7.77 C-3: 116.7 C-6: 153.3 
C-4: 144.3 


2:H-Pyran-2-ones show characteristic [R-absorption in the region of 1730 cm7!. When 
this value is compared to the C=O absorption of other six-membered lactones (3-5), 
especially to those influenced by C=C double bonds adjacent to the lactone moiety (4/5), 
the conclusion seems to be justified that a pyrylium-olate betaine structure 2 does not 
play a significant role in the electron distribution of the 2 H-pyran-2-one system. 


_ _ 
1~, 2 lel _o 3 | 4 5 
> 07 “Ol o~So o~So o~No 


Vo-o [em™]: 1730 1735 1775 1710 


2H-Pyran-2-ones, for example, 1, exhibit a characteristic fragmentation pattern in the 
mass spectrum, with furan and cyclopropenylium fragment ions (6 and 7) as the main 
components: 


ia 
——» GC ¢ -co 
Oo 0@ “sc 
m/z = 96 (74%) m/z =95 VY 


-co 
rm | 2CO O® 
0 
TF _tHo 
c \ ——> 


m/z = 68 (87%) m/z = 39 (100%) 
6 7 


In their reactions, 2H-pyran-2-ones show the behavior of 1,3-dienes as well as that of 
lactones [8]. Above all, this is manifested in a series of intra- and intermolecular pericyclic 
transformations. 


(1) Matrix photolysis of 2H-pyran-2-one in CH30H at 8K leads to electrocyclic ring 
opening of the O/C-2 bond and formation of the aldoketene 8, which is intercepted as 
ester 10 by solvent addition. 
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Photolysis at temperatures higher than 8 K in methanol or in ether leads to electrocy- 
clization of the pyrone-1,3-diene system affording the B-lactone 9, which yields the enol 
ether 12 by addition of CH;0H. 


Photolysis of the B-lactone 9 at 77 K causes decarboxylation resulting in formation of 
cyclobutadiene (11), which dimerizes (— 14) at higher temperatures [9]. 


hv hy 


Ss 
H7 +O O 
O ss hv 
CH,OH | PhCOCH, TON SOs L. 


a I} 7~COOH 
COOCH 
H” *O fe) "1 >77K = 
10 7 OCH, 12 
O S va 
O 14 


These transformations occur via an excited singlet state of the 2H-pyran-2-one. 


13 0 


Irradiation of 2 H-pyran-2-one in the presence ofa triplet sensitizer results in dimerization 
to the tricyclic dilactone 13 or its regioisomer. 

(2) 2H-Pyran-2-ones undergo Drets-ALDER reactions with activated alkenes or alkynes. 
For instance, from 2 H-pyran-2-one and maleic anhydride the endo-adduct 15 is formed, 
which undergoes thermal decarboxylation to 1,2-dihydrophthalic anhydride (16): 


The diene activity of 2H-pyran-2-ones has found application in synthesis [10]. 
(3) (a) Nucleophiles frequently attack 2H-pyran-2-one at the C-atom of the carbonyl 
group. For instance, primary amines transform 1 to N-substituted pyridones 17, while 
GRIGNARD reagents give 2,2-disubstituted 2H-pyrans 18: 


R- oe S RMgX S 
| = | R 18 
“=H, oie) og’ 


(b) Electrophiles, for example, halogens, give products of a (formal) substitution in 
position 3; thus, Br) at higher temperature leads to 3-bromo-2H-pyran-2-one (20). At 
lower temperature, however, the product 19 of a trans-addition of Br2 to the 5,6-double 
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bond is obtained in quantitative yield. At elevated temperatures, dibromides 21 (product 
of 1,4-addition of Br) to the 1,3-diene system) and 22 (product of the addition of Br, to the 
3,4-double bond) are formed, which afford the monobromo-2-pyrone 20 by elimination 
of HBr: 


7 + Bry Bro, CCly S 
Mu AS -78 °C S +77°C Ss 
19 ——___ || ——_ || 20 
Br* ~O7 SO o7 oO = PIB o7 So 
rie ” 
S +Bro - woe : 
+Bro! ” ae ' — HBr 
i wo Br 7” —HBr 
. “ Br 
NN Z Br Br 
@Bro} [| fo oct > oder | 
oO” +O Br~ ~O7 SO oO” +O 
21 22 


Potent alkylation reagents like trialkyloxonium salts effect alkylation of 2H-pyran- 
2-ones at the C=O group and yield 2-alkoxypyrylium salts, for example, 23 with 
[Me30]BF4: 


() 
NN (CH,),o° BF, ZF 
| —————* 16! 5 33 
Oo” *O ~ CH,OCH, O°” ~OCH3 BF, 


In the retrosynthesis of 2H-pyran-2-one (see Figure 6.4), the lactone bond O-CO is 
straightforwardly disconnected either after functional group addition (FGA) (a) or by 
electrocyclic opening (b) thus leading to 5-oxopentenoic acids 24/25 as possible educts 
for 2-pyrone synthesis [11]. 


(1) Base-catalyzed cyclocondensation (a) of alkynones with malonic esters and (b) of 
1,3-diketones with acetylenic acids yields esters 27 of 2H-pyran-2-one-3-carboxylic acid 
or 5-acyl-2H-pyran-2-ones 29, respectively. In both cases, MicHaet additions are the 
primary steps, which afford 5-oxopentenoic esters 26 or 28 providing the 2 H-pyran-2-one 
system by enolization and enollactone formation [12]: 


+ H,O 
_ Ss 
CL | COOH ~ 
oe we) a OH H~So COOH 


1 
' 


l| 24 
b 
iQ | “He A a 
— ia 
H~ SO % HANG Son 


25 


Figure 6.4 Retrosynthesis of 2H-pyran-2-ones. 
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R2 R2 R2 
COOR prox aaa oo 
+ ¢ —______ > ——— | 
— pitt COOR “HOR pitANgXo 
R'- SO 26 27 
O 
O Ar Ar O Ar 
R NaOR R Ss R S 
on | a coor'| ~~ Hor’ | 
a R~“So zi R~~0~So 
28 29 


(2) Crotonic esters (unsubstituted or y-substituted) condense with oxalic esters under 
base catalysis giving 5-oxopentenoic esters 30. In acid medium, esters 30 cyclize to 
2H-pyran-2-one-6-carboxylic esters 31, which provide 5-substituted 2H-pyran-2-ones 32 
on ester hydrolysis followed by decarboxylation: 


~ KOH R S R Ss 
eS ea Le. lege ROH pe 
-R' ‘| —RIOH 
CooR' ROH |pooc~ 8 OH R:I00c7 ~O~SO 
acon 30 31 
(1) H,0, H* 
(2) A, CO, 
TL 
TL 
H7so~So 
32 


(3) Pyridinium enol betaines (cf. p. 360) react with cyclopropenones as electrophilic 
C3-building blocks [13] to yield 3,4,6-trisubstituted 2 H-pyran-2-ones 35: 


v\ Re 
— ay R2 R2 
Ce 4 Oe ~ oe — £X 
INK R'0~So 
O oD 
aa” 34 35 


Pyrone formation is likely to occur via primary Micuaet addition of the pyridinium 
ylide to the cyclopropenone, followed by reorganization of the intermediate 33 to the 
ketocarbene 34 with pyridine elimination and concluded by electrocyclization of 34 to 
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afford the 2H-pyran-2-ones 35. Instead of pyridinium enol betaines, the corresponding 
sulfonium or phosphonium ylides can be used. 

(4) In a Pd-catalyzed sequence, allenyl stannanes undergo St1L1E coupling with 
B-iodoacrylic acids 36 followed by annulation to 4,5,6-substituted 2H-pyran-2-ones 37 
[14]: 


RS 3 

i calis Pd(OAc)», PhsP RI 4 R 

I RX ZA_OH NajCO, S RA 

J + oe C a | 

R? I Oo — Bu,Snl JI HO” ~O O77 SO 

R2 
36 37 


2H-Pyran-2-one, bp 208°C, is a colorless liquid which is accessible by decarboxylation [P|] 
of 2H-pyran-2-one-5-carboxylic acid (39, coumalic acid), which is obtained from malic 

acid on treatment with H,SO,; intermediately, formylacetic acid (38) is formed, whose 
self-condensation gives coumalic acid (39): 


COOH H 
H,SO, HOOC HOOC. % 
ee OH a +O —_—_—> 
-2CO —H,O COOH 
COOH -2H,0 H~ So COOH H~ So 
38 
ov *O e or =O -H,O 


Dehydroacetic acid (40, 3-acetyl-4-hydroxy-6-methyl-2 H-pyran-2-one) is obtained by 
self-condensation of acetoacetic ester in the presence of NazCO3 [15]: 


Bufadienolides are A/B-cis or A*, B/C-trans- and C/D-cis-steroids. Their characteristic 
structural feature is a 2H-pyran-2-one substituent at C-17in the D-ring. Bufalin (41) 
and bufotalin (42) occur as esters of suberylarginine in the venom of the secretions 
of poisonous toads (e.g., Bufo bufo). Scillarigenin (43) and hellebrigenin (44) occur as 
3-O-glycosides in fresh squill (Urginea maritima) and the Christmas rose (Helleborus 
niger) respectively. 
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at of af 


41:R=H 
42: R=OAc 


The bufadienolides are cardiotonic and have a positive inotropic action (increase in the 
force of heart muscle contraction). 

[E | Synthetically useful are (a) base-catalyzed ring-transformations and (b) D1Ets-ALDER 

reactions of 2H-pyran-2-ones, which both lead to highly substituted benzene derivatives. 


(1) On treatment with KOH in methanol, 6-phenacyl-4-hydroxy-2H-pyran-2-one (45) 
undergoes isomerization to 2-benzoylphloroglucinol (47) [16]: 


eH OH 
KOH 
a | eS CH,OH 
Ph~ YA ~07 SO HO OH 
" o7>Ph 
45 46 47 


As a mechanistic rationale, deprotonation of 45 may effect O-CO opening of the 
enollactone system with formation of a (C—O-delocalized) anion 46, which — in analogy 
to a DIMROTH rearrangement (cf. p. 261) — re-cyclizes via carbon and formation of the 
benzene ring of 47. 

An application of this reaction principle is the synthesis of the xanthone derivative 49, 
which results from base-induced isomerization of the bis-2 H-pyran-2-one 48. 


OCH, OCH; or OH O OH 
o*~o ome HCO OCH; 
48 


(2) The Drzts-ALDER reaction of the methyl ester of 2 H-pyran-2-one-6-carboxylic acid 
with methyl acetylenedicarboxylate leads to the 1,2,3-benzenetricarboxylic ester 51 
(hemimellitic triester), because the cycloadduct 50 undergoes thermal cycloreversion 
with elimination of CO, [17]: 
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fo) 
OL MeOOC—==—COOMe COOMe 
MeOoc~ ~o~ So LAY 


In an intramolecular variant of this reaction, the use of sterically defined alkenes permits 
a stereoselective construction of stereogenic centers in six-membered heterocycles, as 
demonstrated in the following example for the key building block 52 of a yohimbine 
synthesis [18]: 


6.4 
3,4-Dihydro-2H-pyran 


3,4-Dihydro-2H-pyran and 5,6-dihydro-2H-pyran can be considered as oxa-analogs of 


cyclohexene: 
S 
S CO 


fo) fe) 
3,4-dihydro-2H-pyran 5,6-dihydro-2H-pyran 
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3,4-Dihydro-2H-pyran has the spectroscopic and structural characteristics of a cyclic 
enolic ether, as is shown by its NMR and IR spectroscopic data: 


IR (film): v (cm~") 7H NMR (CDCls): 6 (ppm) 13¢ NMR (CDCI): 5 (ppm) 
1630 H-2: 3.97 C-2: 65.8 
C=C stretching bond H-3/H-4: 1.90 C-3: 22.9 
H-5: 4.65 C-4: 19.6 
H-6: 6.37 C-5: 100.7 
C-6: 144.2 


Examination of RAMAN spectra shows that at room temperature 3,4-dihydro-2 H-pyran 
exists predominantly in a half-chair conformation with a twist-angle of 23°. According to 
1H NMR spectra the conformers of 2-alkoxy- and 2-aryloxy-3,4-dihydro-2 H-pyrans are in 
equilibrium. The conformer with the 2-OR in an axial position predominates due to an 
anomeric effect (see p. 317): 


RK 7A 


" O 
3,4-Dihydro-2 H-pyrans show the reactivity of systems with electron-rich double bonds. 


(1) Electrophilic additions, like that of HOX (— 1) and hydroboration/oxidation (— 2), 
occur regio-selectively, since O-participation directs the electrophile to the B-position of 
the enolether moiety, for example: 


Br 
+HOAc Br OH 
2 —_—_—<_> 1 2 


@0 -H* O~ “OAc O 


(2) (2+ 1)-, (2 + 2)-, and (4 + 2)-cycloadditions are also described. For instance, reaction 
of 3,4-dihydro-2 H-pyran with dichlorocarbene leads to the bicyclo[4.1.0]system 3, whose 
dehydrohalogenation results in ring-expansion affording the 2,3-dihydrooxepin system 4: 


quinoline = 
CHCl, NaOH Cl 145°C Cl 
| ——— I 
07, Cl 
3 


(e) Oo” 4 


6.4 3,4-Dihydro-2H-pyran 


(3) Alcohols, as well as phenols, add to 3,4-dihydro-2H-pyran under acid catalysis to 
give 2-alkyl(aryl)oxytetrahydropyrans 5 [19]. These cyclic acetals are stable to base, but 
undergo hydrolysis even with dilute acids. Thus, OH functions can be blocked reversibly 
(THP protective group in organic synthesis): 


H,0, H* 
1 ROH, TosOH 2 = Ras 
@) 


O” ~OR O° *H 
5 


(4) 3,4-Dihydro-2H-pyran is oxidized by HNO; yielding glutaric acid and is dihy- 
droxylated by OsO4/H2O2 to the corresponding 1,2-glycol. Ozonolysis leads to the 
hydroperoxide 6, which can be transformed either into the aldehyde 7 by (nBuO);P or to 
the ester 8 by TosCl/pyridine: 


0, OOH R 
on CY 


fe) 
O 7 (R=H) 
uo ° uo 8 (R = OCH.) 


The synthesis of 3,4-dihydro-2 H-pyrans can be carried out by the following methods. 


(1) «,f-Unsaturated carbonyl compounds undergo (4+ 2)-cycloaddition with vinyl 
ethers resulting in the formation of 2-alkoxy-3,4-dihydro-2 H-pyrans 9: 


R2 


R2 
RS Re 
a A 
oe Wie | 
R™ So OR R' O OR 


This reaction is an example of a hetero-D1E1s-ALDER reaction with inverse electron 

demand [20]. 2-Alkoxy-3,4-dihydro-2H-pyrans 9 are employed as masked 1,5-dicarbonyl 
compounds (cf. p. 371). 
(2) 4-Acyloxybutylphosphonium salts 10 give rise to 6-substituted dihydropyrans 11 
by an intra-molecular Writtic reaction [21]. The phosphonium salts 10 are obtained 
from 1,4-dibromobutane by a sequence of Sy reactions with triphenylphosphane and 
carboxylates. This cyclization is one of the few examples of the olefination of an ester 
C=O group by a phosphorus ylide: 


@ 
ns C,H, ,ONa, toluene [ie 
10 O > 11 
AA -Ht 


R” *O 
ae — Ph3PO 


(3) 2,6-Disubstituted 5,6-dihydro-2 H-pyrans can be prepared stereoselectively utilizing 
the Lewts-acid catalyzed cyclization of vinylsilanes carrying an acetalized glyoxylic ester 
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functionality in f-position [22]. Interestingly, the geometry of the double bond in the 


educt controls the stereochemistry in the products, since the (Z)-vinylsilane affords the 
2,6-cis-product (12), the (E)-vinylsilane the 2,6-trans-product (13): 


SiMe, 
Ss Z-isomer S E-isomer _ 
<__ OAc —_____> 
R® ~O~ *COOMe R 


OX R* ~o~ YCOOMe 
COOMe 
12 (2,6-cis) + BF, - etherate 13 (2,6-trans) 


3,4-Dihydro-2H-pyran is a colorless liquid, bp 86 °C. Itis obtained by catalytic dehydration 
of tetrahydrofurfuryl alcohol (14), the product of hydrogenation of furfural (cf. p. 77). 


Al,0, 
A 
eee | 
14 


Iridoids, a widely occurring class of heterobicyclic monoterpenes, are derived from 
2-hydroxy-3,4-dihydro-2H-pyran with a 3,4-fused methylpentane ring. Iridodial (15) is 
the parent system. As an enol lactol, it is in equilibrium with a dialdehyde: 


O 
_ 
O oH 
H 
OM 45 a 


In natural products, the 2-hydroxy group is protected either as a glycoside or as an ester. 
The two bitter principles loganin (16), found in the buck-bean (Menyanthes trifoliata), 
and gentiopicroside (18), occurring in the root of gentian (Gentiana species), are derived 
from iridodial. The sedatives valepotriates obtained from valerian (Valeriana officinalis), 
for example, valtrat (19), isovaltrat (20), and didrovaltrat (21), are triesters of unsaturated 
iridoid alcohols containing a reactive oxirane ring. 


10) O 1 1 
4 GOOCH, 1 COOCH, CH,OAcyl CH,OAcyl 
S 2 S 
= e) H : O 
fe) 1 
: OGluc ‘ OGluc | OAcyl 
16 ad 18 19: Acyl? = Acyl? 21 


20: Acyl’ = Acyl? 


Secologanin (17) is a key precursor in alkaloid biogenesis, from which over 1000 
alkaloids (indol-, cinchona-, ipecacuanha-, and pyrroloquinone-alkaloids) are derived. A 
stereoselective total synthesis of secologanin has been achieved by T1ETzE [23]. 
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6.5 
Tetrahydropyran 


Cre) 
ho, 


The structure of tetrahydropyran in the gaseous state has been determined by elec- 
tron diffraction and microwave spectroscopy. These show that the saturated oxygen 
six-membered ring exists in a chair conformation with Cs symmetry (see Figure 6.5), 

which is somewhat flattened compared with cyclohexane: 


Figure 6.5 Bond parameters of tetrahydropyran (bond lengths in 
pm, bond angles in degrees). 


The free enthalpy of activation for the ring inversion has been calculated to be 
42.3 kJ mol (at 212 K). It is similar to that of cyclohexane (43.0 kJ mol7'), but lower than 
that of piperidine (46.1 kJ mol‘). The inversion barriers of the saturated six-membered 
ring heterocycles containing one group-16 atom decrease with the size of the heteroatom; 
they are 39.3 for the sulfide, 34.3 for the selenide and 30.5 kJ mol’ for the telluride. 

The NMR spectra of tetrahydropyran show the chemical shifts expected for a cyclic 
ether. 


1H NMR (CDCls): 6 (ppm) 13¢ NMR (CDCI): 5 (ppm) 
H-2/H-6: 3.65 C-2/C-6: 68.6 
H-3/H-4/H-5: 1.65 C-3/C-5: 27.4 

C-4: 24.3 


Electronegative substituents (alkoxy groups, halogens) in the 2(6) position of the 
tetrahydropyran system prefer to adopt the axial position in the conformational 
equilibrium. 


H 
0 = arate NO) 
via half-chair: (e) 
noo —— £7 
X xX 


This structural characteristic, called anomeric effect, plays an important part in the chem- 
istry of the carbohydrates, since the pyranose form of sugars corresponds structurally to 
the 2-substituted tetrahydropyrans as indicated above. 


The synthesis of tetrahydropyrans can be carried out by 


(1) cyclodehydration of 1,5-diols, 
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ae 


HO OH 


(2) acid-catalyzed cyclization of 4-hydroxybutyloxiranes (e.g., 2) to give 2-hydroxymethyl 
tetrahydropyrans (e.g., 3), 


(COM fe) Ht OL 
a ag H 
2 
nBu,SnH 
5, NaHCO, CL _AIBN = 
l 
{e) 


(3) and cyclization of hex-5-en-1-ol (1, the educt for the oxiranes 2) with electrophilic 
halogen reagents to give 2-substituted tetrahydropyrans (e.g., 4/5). 


If the systems 1 and 2 bear a phenyl substituent in the 3-position, the ring closure 
reaction proceeds stereoselectively to give trans-2,4-disubstituted tetrahydropyrans (3/5) 
[24]. 

The formation of 2-hydroxymethyltetrahydropyrans is of special importance for the 
stereoselective construction of substituted tetrahydropyran units in polyether antibiotics 
[25]. Avermectin (6) is a natural product containing tetrahydropyran moieties. It is a 
potent acaricide used in plant protection. Its hydrogenated product ivermectin (7) is 
applied as an antiparasitic agent in veterinary medicine. The eicosanoid thromboxane 
A (8) stimulates platelet aggregation and is at the same time converted into inactive 
thromboxane B) (9). 


OCH, \ "N=" COOH 
HO,, Re) 
i: OCH; SONNY. 
x 


OH 


6 (X-Y =HC=CH) 
7 (X-Y =H»C-CH,) 


2-Alkoxytetrahydropyrans are formed by addition of alcohols to 3,4-dihydro-2H- 
pyrans (cf. p. 315). 5-Hydroxycarbonyl compounds are often in equilibrium with 
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2-hydroxytetrahydropyrans (lactols), for example: 


a = 
OH 


O” ~°OH 


6.6 
2H-Chromene 


The systematic name is 2H-1-benzopyran. 2H-Chromene shows the following shifts in 
its 1H NMR spectrum: 5 = 4.53 (2-H), 5.38 (3-H), and 6.20 (4-H) in CDCl. 
The synthesis of 2H-chromenes generally utilizes phenols as starting materials. 


(1) 2-Propynyl aryl ethers 1 undergo thermal isomerization to 2-disubstituted 
2H-chromenes 2: 


R2 
I R2 
Oke OO: 
,o R' O7h 
' A 
Y i 
2 2 
: R 
(@} R! — 
' ons CL 
Oo R! O pt R! 


This cyclization is initiated by a (3,3)-sigmatropic reaction of 1 involving the phenyl 
ring and giving rise to the allene 3. In a concomitant (1,3)-sigmatropic process, 3 is rear- 
ranged to the orthoquino-methane 4, whose electrocyclization affords the 2H-chromene 
system 2. 

(2) Phenols undergo base-catalyzed cyclocondensation with «,6-unsaturated carbonyl 
compounds, preferentially aldehydes, to give 2-disubstituted 2H-chromenes: 


R2 R2 

O pyridine ~ 
+ | So’ R! 
OH RI RI mie O* ‘pt 


(3) 2-Unsubstituted 2H-chromenes 6 are obtained by ring-closing metathesis (RCM) 
of (2-propenyl)-phenol-O-allylethers 5 [26]. The educts 5 result (as E/Z-mixtures) from 
Ru-catalyzed double-bond transposition (— 7) of the 2-allylphenols 8 and subsequent 
O-allylation of the (2-propenyl)phenols 7: 
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ce SX ~CH3 RCM catalyst owes 
Df oO _m&™~ mo O 
<CH Oe, 
air ERO, oe _RuHCKCO\PPH) 
Z7~OH 
8 


Ms 
Cl 
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(4) 6-Hyroxychromenes 11 are formed on oxidative cyclization of (Z)-1-hydroxy-3- 
(3'-hydroxy-phenyl)-2-propenes 9 by means of phenyliododiacetate, followed by reduction 
of the quinonoid intermediate 10 [27]: 


PhI(OAc)5 e) > 
O R 

MeO FR 

10 


[D| The 2H-chromene system, especially the 2,2-dimethyl-substituted derivative, is a con- 
stituent of numerous natural products, such as evodionol (12) and lapachenol (13), which 
occur in plants, and precocene I/II (14), a juvenile hormone antagonist. 


H3C. CH, 
OQ OCH, 5 
| A S 
TO Len. 

H3CO ot 

3 

13 OCHs 14 1(R=H) 

I (R= OCH) 


Spiro-2 H-chromenes of type 15 show the phenomenon of photochromy: on irradiation, 
the 2H-pyran ring is opened reversibly at the O-C-2-bond in a ring-chain valence 
tautomerization; a colored zwitterionic merocyanine system 16 is formed, which can 
undergo spontaneous thermal re-cyclization to the spirocompound 15 [28]: 


Ry = cen atY 
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6.7 
2H-Chromen-2-one 


From 2H-pyran-2-one two mono-benzannulated systems are derived, namely 2H-1- 
benzopyran-2-one (1), known under the trivial name coumarin, and 1 H-2-benzopyran-1- 
one (2), known under the trivial name isocoumarin. Both systems are discussed in this 
chapter. 


In the systematics of this book, coumarin (1) is regarded as 2H-chromen-2-one and a 
derivative of 2H-chromene (Section 6.6). 
Coumarin (1) was shown by X-ray spectroscopy to be approximately planar with the bond 
parameters given in Figure 6.6: 


Figure 6.6 Bond parameters of coumarin (bond lengths in pm, 
bond angles in degrees). 


Its spectroscopic properties correspond to those of the parent compound 
2H-pyran-2-one. Coumarin has the character of an enol lactone rather than that of a 
heteroarene, as is shown by its IR and NMR spectra: 


IR (KBr): v (m=!) 1H NMR (CDCIs): 6 (ppm) 13¢ NMR (CDCI): 5 (ppm) 

1710 (C=O bond) H-3: 6.43 H-6: 7.22 C-2: 159.6 C4a: 118.1 
H-4: 7.80 H-7: 7.45 C-3: 115.7 C8a: 153.1 
H-5: 7.36 H-8: 7.20 C-4: 142.7 


Accordingly, characteristic reactions of coumarin are additions to the C-3/C-4 double 
bond and nucleophilic opening of the lactone function. 


(1) Thus, addition of bromine gives the dibromide 3, which eliminates HBr on treatment 
with bases giving rise to 3-bromocoumarin (4): 


Br 


ou “= OC 
On 0 o7-No HBr 07 No 


3 4 
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Very potent electrophiles can attack the carbonyl oxygen of coumarin. For instance, 
reaction with MEERWEIN’S salt ([Et;O]BF4) leads to the benzopyrylium ion 5: 


—$___$_$— i 
© 
0” So “or nei OEt BF, 
5 


(2) Hydroxide ions open the lactone ring of coumarin forming the dianion 6 of 
(Z)-(2-hydroxy)cinnamic acid (coumarinic acid), which recyclizes to coumarin on addition 
of acid. On methylation with dimethyl sulfate, the dianion 6 is transformed to the 
(Z)-methoxy ester 8; however, on prolonged reaction with base it isomerizes to the 


(E)-dianion 7: 
S 
oe. 
Cr, : =—O@r s 
iC) 
on Ce 
COOCH 
oF OCH ° 


(3) A number of base-induced rearrangements are observed in the coumarin system, 
for example, the ring contraction of 3,4-dibromo-3,4-dihydrocoumarin (3) in alkaline 
medium to give benzo[b]furan (coumarone, cf. p. 80). 

Mechanistically related is the rearrangement of 4-chloromethylcoumarin (9) into 
coumarone-3-acetic acid (10) by aqueous alkali, which occurs via Syi cyclization of the 
phenolate 11 to the carboxylate 12 and its tautomerization to the coumarone system: 


CH,Cl COOH 
S + NaOH 
NaCl x 
oa) 7 fe) 
9 10 
OH- 7 Ht A 
x : COOH j-00H 
CH2Cl 
OH -o° O 
11 12 


The synthesis of coumarins [29] is accomplished on several pathways starting with 
phenolic building blocks. 


(1) Phenols undergo acid-promoted cyclocondensation with f-ketoesters to give 
coumarins 13 of variable substitution pattern (Von PECHMANN synthesis) [30]: 
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This process can be rationalized by an SgAr reaction of the phenol with the (presumably 
protonated) carbonyl group of the B-ketoester (— 14), followed by lactonization (14 — 15) 
and H20-elimination to produce the coumarin system (15 — 13). For the synthesis of 
4-substituted coumarins, W-heteropolyacid (H3PW12040) proved to be very effective [31]. 

The von PECHMANN protocol has been improved with respect to minimized 
side-reactions and shorter reactions times by the introduction of efficient catalyst 
systems, such as ZrCl, [32], alum (KAI(SO4)2 .12 H2O) [33], dipyridine cobalt(II)chloride 
[34], MoO3/Al,03 [35] and an H2O-tolerant sulfonic acid nanoreactor based on porous 
silica [36], which all are used under solvent-free conditions. 

A disadvantage of the von PECHMANN synthesis is the lack of regioselectivity in 
coumarin formation with unsymmetrically substituted phenolic substrates. This is 
avoided by an alternative protocol [37], in which ortho-metalated phenolic ethers 16 are 
added to alkoxymethylene malonates as primary step: 


OR 


R 
OC, A OC oO” 
—— R— 
R 
oR’ nae coo S 


COOR OR! o~No 
16 17 18 


The Micuaet addition products 17 are transformed into coumarin-3-carboxylates 

18 by treatment with acid, resulting in ROH-elimination, removal of the phenolic 
protective group, and lactonization. This modification ensures a regioselective attack of 
the 1,3-biselectrophile on the phenolic substrate. 
(2) Cyclocondensation of 2-hydroxybenzaldehydes (salicylaldehydes) with reactive 
methylene compounds (malonic esters, cyanoacetic esters, malononitrile) in the 
presence of pyridine and other bases also leads—via lactonization of the primary 
condensation product 19 — to derivatives of coumarin-2-carboxylic acid 20 (KNOEVENAGEL 
synthesis): 


H 
x x 
fe) a pyridine S S 
= - COOR 
OH COOR —~H,0 OH —HOR o~ Oo 


X = CN, COOR, CONH; etc. 
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(3) Cyclocondensation of alkynoates with donor-substituted phenols mediated by Pd(0) 
or Co/Rh nanoparticles leads to 3-substituted coumarins, for example, 21 [38]: 


OMe R OMe R 


Pd(0) 
+ |i HCOOH, NaOAc S 34 
re 
MeO OH MeO Oo” *O 


COOR 


In this approach, good yields are reported, even in cases in which the von PECHMANN 
synthesis gives unsatisfactory results. 
(4) Salicylaldehydes react with a,§-unsaturated aldehydes in the presence of an ionic 
liquid (1,3-dimethylimidazolium phosphate (22)) and of K,CO3 as a base to give 
3-alkylcoumarins 23 in the course of an “‘umpoled” domino process [39]: 


22 || D-H 
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et K,CO. SAS 
Ss di 3 ' R 
22 | & pol. O ~ pa 
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It is proposed that primarily a nucleophilic carbene 24 (cf. p. 221) is generated by 
deprotonation of 22, which adds to the a,B-unsaturated aldehyde to give a homoenolate 
equivalent 25 as umpoled R-CH=CH-CH=0 synthon. Protonation of 25 in B-position 
leads to the 2-substituted imidazolium ion 26; on reaction with 26, the salicylalde- 
hyde is O-acylated (— 27), the imidazolium ion 22 is regenerated, and (base-induced) 
intramolecular CLatsEN condensation of 27 provides the coumarin (23). 

3,4-Disubstituted coumarins were obtained by a Pd-catalyzed carbonylative annulation 
of 2-iodophenols with internal alkynes [40] (without formation of chromones). 


Coumarin, mp 68 °C, is a colorless crystalline compound; it is the aromatic principle in 
woodruff and also occurs in other plants, for example, lavender and melilot. 

Coumarin is prepared from salicylaldehyde by a PERKIN reaction with acetic anhydride 
or by cyclocondensation with 1,1-dimorpholinoethene [41]: 
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Many natural products contain the coumarin structure [42]. Aesculetin (28) is iso- 
lated from horsechestnuts and psoralen (29) from the Indian plant Psoralea corylifolia. 
Furocoumarins such as 29 are photochemically active; on UV irradiation, they induce 
processes in the cell which lead to an increase in skin pigmentation and inhibition of cell 
division. This is due to (2 + 2)-cycloaddition (cyclobutane formation) of the pyrimidine 
bases in nucleic acids. Psoralens are used in the treatment of psoriasis. 

Aflatoxins are highly toxic and carcinogenic coumarin derivatives of a complex struc- 
ture, for example, aflatoxin B, (32). It is formed as a secondary metabolite by Aspergillus 
flavus which occurs in mouldy food. 


OH y, OH 
HO Cc. 
HO o~ So O o~ SO 07.0 07% ~o 
28 29 3 


0 


9 O 
OH Ph O 
_ 
o~No O70 OCH; 
31 32 


Dicoumarol (30) and warfarin (31) are anticoagulants used in the treatment of 
thrombosis. Warfarin is synthesized by a Micuaet addition of benzylidene acetone 
to 4-hydroxycoumarin [43]. 

Isocoumarin (2) is the structural isomer of coumarin; some isocumarin derivatives 
show antifungal, antimicrobial, and phytotoxic activities [44]. 

Thunberginols A and B (33/34) and systems derived thereof have been tested as 
antiallergics [45]. 
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Synthetic approaches to isocoumarins [46], in general, utilize ortho-functionalized 
benzoic acid derivatives as starting materials. 


(1) 2-Iodobenzoic acid can be subjected to Pd-C/Cul-mediated coupling reaction with 
terminal alkynes in the presence of Ph3P and Et;N accompanied by cyclization to give 
3-substituted isocoumarins 35 [47]. 


R-C=CH, R 
PulC, Cul Z 
| Ph,P, Et,N o yr 
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COOH COOH 
oO 
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2-lodobenzoic acid and substituted analogs are transformed into isocoumarins by 
Pd-catalyzed reaction with allenyl stannanes via a tandem STILLE coupling heterocycliza- 
tion [48]. 

In a metal-free modification, (2-ethoxycarbonyl)aryl alkynes 36 were cyclized to iso- 
coumarins of type 37 promoted by TosOH under microwave irradiation [49]. 
(2) Benzylketones 39 with an ortho-N,N’-diethylcarboxamide function cyclize on heat- 
ing in acetic acid to give 3-substituted isocoumarins of type 40 [45]: 


Ox LR 
eau 
‘Cf R! _A,HOAC wy 
NEt, (2) ~—HNE, 

is NEls 
3) HO R? O 39 


The ortho-functionalized ketones 39 are obtained from 2-methyl-N,N’-diethyl- 
benzamides 38 by lithiation in the benzyl position with tBuLi followed by acylation with 
N,N’-dimethylcarboxamides. 

(3) Phthalic anhydrides can be reacted with various internal alkynes to give iso- 
coumarins 41 on catalysis of Ni(COD), and co-catalysis of ZnCl; and PMe; [50]: 


R' Ni(COD),, ZnCl, 
a PMe, 
R= | Oo + fil > a 
NS *_co" 
O iy 


In this decarbonylative cycloaddition process, Ni(0) is thought to be responsible for 
CO elimination. Unsymmetrical substrates mostly lead to mixtures of regioisomeric iso- 
coumarins; terminal alkynes do not react due to their rapid Ni-induced oligomerization. 
Derivatives of maleic anhydride give rise to 2-pyrones. 
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1-Benzopyrylium salts (chromylium salts) are colored and possess long-wave UV/VIS 
maxima at © 385 nm. A bathochromic shift is observed in the presence of a 2-phenyl 
substituent, that is, for 2-phenyl-1-benzopyrylium ions (flavylium ions). 1H NMR data 
(cf. pyrylium ion, p. 298) show the influence of the positively charged oxygen, which 
reduces the electron density on C-2 and C-4: 6 = 9.75 (2-H), 8.40 (3-H), and 8.75 (4-H) 
(CF;COOD). This effect is even more pronounced with two benzannulations; thus, the 
dibenzo[b,e]pyrylium ion (xanthylium ion) shows shifts at 6 = 10.18 (9-H) and 165.1 
(C-9) (CF;COOD). 
Among the reactions of 1-benzopyrylium salts [51], nucleophilic additions and subsequent 
reactions are of importance. 

GRIGNARD compounds add to C-2 and C-4 with formation of 2H- and 4H-benzopyrans. 
Hydroxide ions attack at C-2 to yield 2H-1-benzopyran-2-ol 1, which is in equilibrium with 
the (Z)-(2-hydroxy)cinnamaldehyde (2). Benzopyranol 1 (as a “‘pseudobase’’) regenerates 
the 1-benzopyrylium ion on treatment with acid: 


o7 ae 0 OH opeHo 


© H 
1 2 


For the synthesis of 1-benzopyrylium ions [52], the following methods can be applied. 


(1) Cyclocondensation of o-hydroxybenzaldehydes or o-acetophenones with methylene 
ketones is carried out in acid medium, for example, acetic anhydride/HC10,. It proceeds 
via the intermediate 3, the product of a KNOEVENAGEL condensation: 


R! R! RI 

R2 
-R2 + R? HX S 

OR = log | OGL 
-H,0 7 

OH O7 ~R® OH (> R? 2 Oo” ~RS 


® 
x® 


(2) Cyclocondensation of activated phenols and £-diketones in acid medium also leads 
to 1-benzo-pyrylium ions (for B-ketoesters cf. p. 323): 
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(3) Cyclocondensation of 2-hydroxyacetophenones, orthoformic esters, and arylaldehy- 
des in the presence ofa strong acid as HC1Oy, gives rise to 4-alkoxy-2-aryl-1-benzopyrylium 
salts 4 [53]: 


Oo OR 
A HCIO, Zs 
R= | + HC(OR), + Ar-—CH=O ———» pill | 4 
S we Zs 
OH 6° ‘Ar 


2-Phenyl-1-benzopyrylium salts (flavylium salts) are important natural products 
(WILLSTATTER, 1913). Numerous red, blue, and violet pigments of blossoms and leaves 
are derived from the 3,5,7-trihydroxy-2-phenyl-1-benzopyrylium system 5 which carries 
additional OH functions on the 2-phenyl substituent: 


re) 4'-OH : pelargonidin 
3'-,4'-OH : cyanidin 
3'-,4'-,5'-OH : delphinidin 


They usually occur as glycosides (anthocyanins). Dilute acid causes hydrolysis to give 
a sugar and the corresponding glycon 2-phenyl-1-benzopyrylium salt (anthocyanidin) 
[54]. 

Cyanidin chloride (6) occurs in the petals of the cornflower (Centaurea cyanus). It forms 
dark-red needles, soluble in H2O but insoluble in diethyl ether or hydrocarbons. It is 
cleaved in molten potassium hydroxide giving phloroglucinol and 3,4-dihydroxybenzoic 
acid, a reaction which served to establish its structure. 


oo OH 
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The color of anthocyanidin is pH dependent. The cyanidin system occurs at pH 3 as a 
red 2-phenyl-1-benzopyrylium ion 6; at pH = 8, deprotonation leads to the quinonoidal 
violet colored base 7. In a stronger basic medium (pH = 11), it is converted into the blue 
anion 8, which forms complexes with Al or Fe ions. [55]. 
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The blue color of certain blossoms, for example, the cornflower, is due to the formation 
of these complexes [55] and not, as originally proposed, to a basic cell environment. Other 
aromatic compounds contribute to the color intensity (copigmentation). 

General methods for the synthesis of anthocyanidins have been mentioned 
above. For instance, cyanidin chloride (6) is synthesized from 2-benzoyloxy- 
4,6-dihydroxybenzaldehyde (9) by acid-catalyzed cyclocondensation with 2-acetoxy-1- 
(3,4-diacetoxyphenyl)ethanone (10) via intermediates 11/12 (RoBinson, 1934): 
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6.9 
4H-Pyran 


In contrast to 2H-pyran, the parent compound 4H-pyran is known and spectroscopically 
characterized; 4,4-disubstituted derivatives are also well known. 4H-Pyrans show IR 
absorption of the C=C bonds at +1700 and ~1660cm™! in contrast to 2H-pyrans 
(cf. p. 305). The NMR spectra of 4H-pyrans show the chemical shifts expected for a 
bis-enol ether system: 
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1H NMR (CCly): 5 (ppm) 13¢ NMR (CCl4): 5 (ppm) 
H-2: 6.16 C-2: 141.1 

H-3: 4.63 C-3: 101.1 

H-4: 2.65 


Among the reactions of 4H-pyrans, some ring transformations are synthetically relevant. 
For instance, the triphenyl-4-benzyl-4H-pyran (1) isomerizes on irradiation to give 
2-benzyl-2H-pyran (2), which is converted quantitatively to 1,2,3,5-tetraphenylbenzene 
(4) on treatment with HCl. This transformation into the benzene system presumably 
proceeds via an oxa-61-electrocyclic opening of 2 to afford the dienone 3, followed by 
intramolecular acid-catalyzed aldol condensation giving rise to the arene 4: 
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4-Benzyl-2-alkyl-4H-pyrans 5 are converted into 1,3-diphenylnaphthalene (6) on treat- 
ment with HClO,. This transformation requires a rearrangement of the 4H-pyran 5 
as shown in the preceding example (1 — 2) to the corresponding 2H-pyran, followed 
by O/C-2 ring-opening. The resulting dienone 7 undergoes retro-aldol cleavage to 
give the methylketone R-CO-CH; and the enone 8, which cyclizes to the arene 6 by 
means of an intramolecular S¢Ar hydroxyalkylation and subsequent dehydration of the 
intermediate 9: 
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The synthesis of 4H-pyrans can be carried out on several pathways. 


(1) Cyclocondensation of B-disubstituted enone systems with B-keto esters gives rise to 


4H-pyran-3-carboxylates 11 (via primary MicHae1 addition to 1,5-dicarbonyl compounds 
10 and their cyclization): 


R2 R2 R2 R2 R2 
Z~ pe COOR COOR COOR 
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(2) 2-Acyloxydihydropyrans 12, accessible by D1Ets-ALDER reaction with inverse electron 
demand (cf. p. 315) between enones and vinylacetates, give 4H-pyrans on elimination of 
HOAc, as illustrated by one of the earliest syntheses of the parent compound [56] from 
acrolein and vinyl acetate: 


a 
H~ So OAc O~~OAc  ~ HOAc 
12 


The most important derivative of 4H-pyran is the corresponding carbonyl system, 
namely 4H-pyran-4-one, which is discussed in Section 6.10. 


6.10 
4H-Pyran-4-one 


The structure of 4H-pyran-4-one (earlier nomenclature: 4-pyrone) was determined by mi- 
crowave spectroscopy and shows (see Figure 6.7) bond parameters of a cross-conjugated, 
localized cycloenone system (cf. the data for 2H-pyran-2-one, p. 306): 

The 'H and ®C NMR data of 4H-pyran-4-one correlate with data observed for 
a,B-unsaturated carbonyl systems: 


2. Figure 6.7 Bond parameteres of 4H-pyran-4-one (bond lengths 
; in pm, bond angles in degrees). 
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1H NMR (CDCIs): 6 (ppm) 13¢ NMR (CDCI): 6 (ppm) 
H-2: 7.88 C-2: 155.6 
H-3: 6.38 C-3: 118.3 

C-4: 179.9 


The dipole moment of 4H-pyran-4-ones (about 4 D) and their greater basicity 
(pK, = 0.1) than enones support the assumption that for the electronic description 
of 4-pyrones a betaine form 1 may contribute to a minor extent: 
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The reactions of 4H-pyran-4-ones show some similarities to the 2-isomer. 


(1) On irradiation, 4H-pyran-4-one isomerizes to 2H-pyran-2-one. To describe this 
transformation mechanistically, it is assumed, that electrocyclization leads to a zwitteri- 
onic bicyclic intermediate 2, which rearranges to the epoxycyclopentadienone 3; further 
migration of oxygen in 3 leads (probably via 4) to 2H-pyran-2-one. 
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(2) 4H-Pyran-4-ones form salts with strong acids and undergo O-alkylation (cf. p. 309). 
Electrophilic substitution occurs at various ring positions, especially in the presence of 
activating groups. 

(3) Nucleophiles attack 4H-pyran-4-ones on C-2 or C-4. With aqueous alkali, 1,3,5- 
triketones are formed by addition of hydroxide ions to C-2; for instance, 2,6-dimethyl- 
4H-pyran-4-one 5 affords heptane-2,4,6-trione 6: 
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In addition to 6, the formation of orcinol (7, 5-methylresorcinol) was observed. The 
formation of 7 was interpreted in terms of deprotonation of 6 to the enolate 8, followed 
by re-cyclization on behalf of an intramolecular aldol condensation. 

These findings gave rise to the postulate of a polyketide pathway operating in the 
biosynthesis of aromatic compounds (CotttE [57]). 

(4) 4-Substituted pyrylium salts are obtained from GricNaRD compounds and 
4H-pyran-4-ones (when reacted in a 1:1 ratio) and subsequent treatment with strong 
acid. When an excess of RMgx is applied, 4,4-disubstituted 4H-pyrans are formed: 
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Retrosynthesis of 4-pyrone starting with FGA (H2O addition at C-2) immediately leads to 
1,3,5-tricarbonyl compounds 9 and their cyclocondensation as a reasonable and universal 
approach to their synthesis [58]. 
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1,3,5-Tricarbonyl compounds are prepared by y-acylation of 1,3-diketones with 
carboxylic esters mediated by strong bases, for example, KNH2, which transform 
1,3-diketones to dianions 10. Cyclization to 2,6-disubstituted 4H-pyran-4-ones 11 is 
brought about by strong acids: 
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In a modification of this approach, the Li enolates of 4-methoxybut-4-en-2-ones 12 
were C-acylated with acid chlorides giving rise to the cross-conjugated enols 13. As a 
masked 1,3,5-tricarbonyl compound, 13 is transformed into 2,6-disubstituted 4-pyrones 
by acid-induced cyclization. 


(1) LIN(SiMes) O 
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- arrose | | 
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4H-Pyran-4-one, mp 32°C, is a colorless, crystalline compound. It forms a hydrochloride 
with HCl, mp 139°C. 

4H-Pyran-4-one can be prepared by decarboxylation of chelidonic acid (14), which is 
synthesized via «,a’-diacylation of acetone with oxalic ester and acid-catalyzed cyclization 
of the triketo compound 15: 


fe) eu fe) 
160 °C 
| | — | | 
HOOC~~O~ COOH =~ 2.COz fe) 
14 


HCl, H;O | — 2 HOEt 


0 HCl 0 EtONa 6 
0°C EtOH COOEt 
< ——— 2 
iar i: Claisen ae COoEt 
EtOOC” ~O” ~COOEt EtOOC” ~O 0” ~COOEt ea eee 

15 


2,6-Dimethyl-4H-pyran-4-one (17), mp 132 °C, is water soluble. It is obtained by several 
methods, the simplest utilizing the self-condensation of acetic anhydride mediated by 
polyphosphoric acid at elevated temperature; a probable intermediate is the mixed 
anhydride of acetoacetate 16: 


PPA O vt 
200 °C 
2(CH,CO),>0 ——> 9 ce _ oO 
H3C~ SO H3C” ~O” ~CH 
16 17 

OCH, OCH, 
S NH, S CH, 
PO rete 

H,C7 "N” “CH,  —'ke H3C~ ~O~ ~CH 


6.11 4H-Chromene | 335 


2,6-Dimethyl-4 H-pyran-4-one is O-alkylated by CH31, which was established by con- 
verting the resulting pyrylium salt 19 into 4-methoxy-2,6-dimethylpyridine (18) with NH3 
(BAzEYER, 1910). 

Apart from chelidonic acid (14), which occurs in the roots of celandine (Chelidonium 
majus), some other derivatives of 4H-pyran-4-one are relevant as natural products. Maltol 
(20) occurs in the bark of larch trees and is formed by the dry distillation of starch 
and cellulose. Meconic acid (21) occurs in opium. Kojic acid (22) is produced by many 
microorganisms and was first isolated from Aspergillus oryzae, a microorganism used in 
Japan in the production of sake. 
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6.11 

4H-Chromene 


4H-Chromene is characterized by the following 'H NMR data: 5 = 6.44 (2-H), 4.6 (3-H), 
and 3.36 (4-H) (CDCl). 
In the UV spectrum, 4H-chromenes absorb at ~ 280 nm ; in contrast, 2H-chromenes 
with a phenyl-conjugated double bond absorb at longer wavelength (~320 nm). 
2,3-Disubstituted 4H-chromenes 2 are prepared form o-acyloxybenzyl bromides 1 by 
reaction with two equivalents of a phosphonium ylide [59]: 
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In the first step, the ylide is alkylated by the benzylhalide 1 to give the phosphonium 
salt 3; its deprotonation by the second ylide moiety leads to another (benzylated) P-ylide, 
whose intramolecular Wittig reaction with the adjacent ester C=O group (4 — 2) affords 


the 4H-chromene. 
In an alternative approach, 4H-chromenes of type 7 have been obtained from 


(2-allyl)aryl vinyl ethers (6) by RCM [26]: 


Sn(CH=CH,)4 RCM- 
a a Oz, Cu(OAc). ia A catalyst ZS 
R Cy —————> R ys ——> R ae | 
S = Y O 
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The substrates 6 are accessible by (oxidative) O-vinylation of 2-allylphenols 5 with 


tetravinylstannane in the presence of Cu(OAc)). 
Important derivatives of 4H-chromene are chromone (8, 4H-1-benzopyran-4-one), 
flavone (9, 2-phenyl-4H-1-benzopyran-4-one), and xanthene (10), which are discussed in 


Section 6.12. 
O oO 
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6.12 
4H-Chromen-4-one 


4H-Chromen-4-one possesses the trivial name chromone. It is characterized by the 
following NMR data (compare 4H-pyran-4-one, p. 332): 


1H NMR (CDCIs): 6 (ppm) 13¢ NMR (CDCI3): 5 (ppm) 


H-2: 7.88 H-6: 7.42 C-2: 154.9 C-5a: 124.0 
H-3: 6.34 H-7: 7.68 C-3: 112.4 C-8a: 156.0 
H-5: 8.21 H-8: 7.47 C-4: 176.9 


6.12 4H-Chromen-4-one 


Chromones differ from coumarins (vc-o © 1710 cm™!) by the position of the C=O 
absorption band in the IR (vc-o ¥ 1660 cm™~'). Chromones, especially flavones, are 
characterized by two UV absorption bands in the region of 240-285 and 300-400 nm. 
Chromones and flavones show analogies to 4H-pyran-4-one in their reactivity, that is, 
they behave as masked 1,3-dicarbonyl systems. 


(1) Protonation and alkylation occur on oxygen. Electrophilic attack takes place at the 
deactivated pyran-4-one ring in the 3-position; for example, aminomethylation can be 
brought about under MANNICH conditions. 

(2) Toward nucleophiles, the chromone system behaves as a MIcHAEL acceptor. In gen- 
eral, nucleophilic attack occurs at C-2, and addition is accompanied by ring transforma- 
tions. For instance, aqueous alkali leads to base-induced H20 addition (1), and subse- 
quent cleavage (1 — 2) of the 4-pyrone ring gives rise to (2-hydroxy)phenyl-1,3-diketones 
2. “Acid cleavage” of 2 affords either (2-hydroxy)phenylketones and carboxylic acids or 
salicylic acid and ketones: 


O oO 
H 
R? +H,0 R? 
re. 
O~ ~R! ~H,0 o7hyR 
O. 
H 
—Ht || +H* 


Primary and secondary amines lead to enaminones 3 by MicHaet addition and sub- 
sequent ring-opening; on treatment with acids, enaminones 3 regenerate the chromone 
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~TR=NH, NH, 


system: 


Chromones behave similarly toward both hydroxylamine and hydrazines; interest- 
ingly, ring opening O/C-2 is frequently followed by re-cyclization to azoles. This is 
illustrated by the reaction of chromone with phenylhydrazine, which can be con- 
ducted either to chromone phenylhydrazone (5) or (via the enehydrazine 4) to the 
1,5-diarylpyrazole 6: 
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The reversible ring-cleavage of the chromone system to (2-hydroxy)phenyl-1,3-diketones 
2. (see above) can also occur on acid catalysis. If an additional OH function is present in 
the 5-position of the benzo part of chromone, it also can participate in the re-cyclization. 
Chromones and especially flavones with an unsymmetrically substituted benzene ring 
undergo isomerization by this route when treated with strong acids (WESSELEY-MOSER 
rearrangement), for example, 7 — 8: 


OH O OH O O OH O 


R H*, + H,O R H*,-H,O 
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The syntheses of chromones and flavones [60] usually start from (2-hydroxy) 
acetophenones. 


(1) The most frequently used method for the synthesis of chromones 10 is the 
acid-catalyzed cyclization of (2-hydroxy)aryl-1,3-diketones 9 which are obtained from 
(2-hydroxy)acetophenones (advantageously in their O-silyl protected form [61]) by a 
CLaIsEN condensation. Bis-(trichloromethyl)carbonate/DMF (dimethylformamide) ef- 
fects the cyclization 9 + 10 very efficiently [62]. 

An alternative route to f-diketones 9 is the base-induced isomerization of 
(2-acyloxy)acetophenones 11 (BAKER-VENKATARAMAN rearrangement), which are readily 
obtained from O-acylation of (2-hydroxy)acetophenones. The BAKER-VENKATARAMAN 
rearrangement can be interpreted as a 1,5-acyl migration in the enolate 12 and is valuable 
for the synthesis of flavones [61]: 
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(2) A versatile flavone synthesis consists of the oxidative cyclization of chalcones 13 by 
selenium dioxide in higher alcohols [63]: 


O O O 
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OL, — OO, = 
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Primary step is an intramolecular MicHaet addition of the phenolic OH group to the 

enone system in 13 resulting in a cyclization to the flavanone 14 which subsequently is 
dehydrogenated to the flavone. 
(3) Chromones and flavones 16 are formed by Pd(0)-catalyzed carbonylative annulation 
of 2-hydroxy- or 2-acetoxy iodo arenes with terminal alkynes in the presence of EtyNH 
[64]. Intermediates are the corresponding ortho-functionalized aryl alkynyl ketones 15, 
which can be synthesized independently and cyclized to chromones by Et)NH. 
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CL co, ee, 
OR' 
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2,3-Disubstituted chromones have been obtained from an Rh-catalyzed oxidative 
coupling reaction (Cu(OAc)2 as oxidant) between salicylaldehydes and internal alkynes 
[65]. 
(4) 3-Aryl-4H-1-benzopyran-4-ones (isoflavones) 19 are obtained by base-induced cyclo- 
condensation of (2-hydroxyaryl) benzyl ketones 17 with triethylformate in the presence 
of (4-Dimethylamino)pyridine (DMAP) [66]: 
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As intermediates, enones 18 have to be envisaged, whose base-catalyzed intramolecular 
MicHaez addition followed by EtOH elimination provides the isoflavones (19). 


Chromone and flavone crystallize in colorless needles of mp 59 and 97 °C, respectively. 
Chromone forms a hydrochloride with HCl. It has a higher pK, (2.0) than 4H-pyran- 
4-one. 

Hydroxy-substituted flavones occur widely as yellow pigments in plants, where they 
are present as O- and C-glycosides [67]. Examples are apigenin (20) and luteolin (21). 
3-Hydroxyflavones, for example, quercetin (22) and kaempferol (23), are known as 
flavonols, but those with a hydrogenated heterocyclic ring as flavanols. Catechin (24) is 
the most important representative of flavanols, forming the monomeric building-block 
of the so-called condensed tannins. In former times luteolin and quercetin were used as 
dyestuffs of textile fibers. 

Flavones were found to possess a wide spectrum of pharmacological activities; for 
instance, polyhydroxyflavones possess anti-inflammatory and flavone-8-acetic acid (25) 
antitumor properties [68]. 


Xanthene (27) forms colorless crystals of mp 100°C and is prepared by thermal 
dehydration of 2,2’-dihydroxydiphenylmethane (26); its oxidation with HNO; leads to 
xanthone (28): 


A number of dyes contain a xanthene skeleton (xanthene dyes), such as fluorescein 
(29), eosin (30), and pyronine G (31): 
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Pyronine G (31) is obtained by the oxidation of the leuco compound 32 in acid 
medium; 32 results from acid-catalyzed cyclocondensation of 3-dimethylaminophenol 
with formaldehyde: 
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Rotenone (33), the toxic principle from the roots of derris elliptica, is a natural 
insecticide. Its structure shows a unique combination of benzannulated dihydropyran, 
dihydro-4-pyrone, and dihydrofuran ring systems [69]. 


6.13 
Chroman 


Chroman (1, 3,4-dihydro-2H-1-benzopyran) is derived from 3,4-dihydro-2H-pyran by 
annulation of a benzene ring. Its structural isomer is isochroman (2). 


Chroman is characterized by the following NMR data: 
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1H NMR (CDCls): 6 (ppm) 13C NMR (CDCI;): 6 (ppm) 


H-2: 3.82 C-2: 74.0 C-5a: 121.7 
H-3: 1.70 C-3: 32.8 C-8a: 147.5 
H-4: 2.28 C-4: 22.6 


NMR examination shows that the chroman system exists in a half-chair conformation. 
Reactions with electrophiles, for example, SpAr processes, occur on the benzene moiety 
on C-6 as expected. 2-Substituted chroman-4-ones 3 undergo ring opening by attack of 
alkali hydroxide on C-2 and formation of w,b-unsaturated (2-hydroxy)phenyl ketones 4, 

acids bring about recyclization. Flavanones 5 are ring opened by traces of alkali (6). 
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Isochroman (2) undergoes substitution and ring-opening, provided suitable leaving 
groups are present on the reactive C-1 benzyl position. The transformations of the 
1-bromo compound 7, which involve the ambident carboxonium ion 8, are characteristic 
examples [70]: 
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The synthesis of chromans and isochromans has been accomplished on several routes. 


(1) 1-Halogeno- or 1-hydroxy-substituted 3-(2-hydroxyphenyl)propanes 9 are cyclized to 
give chromans, the alcohols by strong acids (H2SO4/HOAc, polyphosphoric acid), the 


6.13 Chroman 


halides by bases. These processes occur in an Sy fashion with retention or inversion of 
configuration [71]. 
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(2) 1-Chloro-3-phenoxypropanes 10 are cyclized by means of Lewis acids. The regios- 
electivity of this cyclization can be improved by applying the principle of a PARHAM 
cycloalkylation. In this procedure, 1-bromo-3-(2-bromophenoxy)propanes 11 are cyclized 
by n-butyllithium in a halogen-metal exchange followed by intramolecular alkylation [72]. 
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(3) Aryl halides 12 containing an ortho-(y-hydroxy)alkyl side chain are cyclized in a 
Pd-catalyzed cross-coupling reaction to give 2,2-disubstituted chromans [73]. 


R! Re Pd(OAc)>, Tol-BINAP 
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In a related sequence, 2-(1-hydroxybut-3-enyl) phenols 13 were subjected to a 
Pd-catalyzed WacxeERr-type oxidative cyclization to give 2-substituted chromanones 14 
[74]: 
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(4) Chroman-4-ones 17 are obtained by acid-catalyzed cyclization of a,B-unsaturated 
(2-hydroxy)-phenyl ketones 15: 
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The enones (15) are prepared either by a FriEDEL-Crarfts reaction of phenols and 

a,B-unsaturated acid chlorides or by an AlCl;-promoted Frizs rearrangement of the 
phenol esters 16. 
(5) 3-Substituted isochromans (19) are obtained from acid-mediated cyclocondensation 
of B-phenylethanols 18 with formaldehyde, the alcohols 18 are readily available from 
addition of benzyl GricgNarp compounds to aldehydes [75]. The isochromans 19 are 
chemoselectively oxidized to 1-oxoisochromans 20 by means of CrO3 in ACOH/H20. 
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Chroman is a colorless, steam-volatile oil, bp 214°C, of a peppermint-like odor. 

The chroman moiety is a constituent of some important natural products, for 
example, the tocopherols and cannabinoids. «-Tocopherol (21, vitamin E) occurs in 
wheat germ oil. It contains three asymmetric centers (C-2, C-4’, and C-8’) which 
each have an (R)-configuration. w-Tocopherol was prepared by a stereoselective total 
synthesis [76]. 
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Among the constituents of hemp (Cannabis sativa), the tricyclic A®-trans-tetra- 
hydrocannabinol (22) possesses the strongest hallucinogenic activity (hashish, mari- 
juana). Cannabinol (23), which possesses an aromatic C-ring, is psychomimetically 
inactive. 


fe) CeH14 


6.14 
Pyridine 


Pyridine is the simplest heterocycle of the azine type. It is formally derived from benzene 
by replacement of a CH group by an N-atom. The pyridinium ion is isoelectronic with 
benzene. The positions are indicated as a-, B-, y-, or numbered 2-, 3-, 4-. The univalent 
radical is known as pyridyl. 

Methylpyridines are known as _ picolines, dimethylpyridines as lutidines, and 
2,4,6-trimethylpyridine as collidine. The carbonyl systems based on pyridine, namely 
2-pyridone and 4-pyridone, are discussed in Section 6.15. 
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pyridinium ion 2-pyridone 4-pyridone 


Pyridine has certain analogies to benzene in its molecular geometry and spectroscopic 
properties. According to microwave spectroscopy, the pyridine ring is a slightly distorted 
hexagon. Its C—C bond lengths, as well as its C-N (147 pm) and C=N (128 pm) bond 
distances are to a large extent averaged (see Figure 6.8). 


cf. benzene: 

C-C 139.7 
C-H 108.4 
C-C-C 120° 


Figure 6.8 Bond parameters of pyridine (bond lengths in pm, bond angles in degrees). 
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Pyridine has the following UV and NMR data (for comparison, see pyridinium ion, 
p. 298): 


UV (ethanol): 4 (nm) (¢) 1H NMR (CDCI3): 5 (ppm) 13¢ NMR (CDCI): 5 (ppm) 
251 (3.30) m1 H-2/H-6: 8.59 C-2/C-6: 149.8 
270 (sh) Noa H-3/H-5: 8.08 C-3/5: 123.6 
H-4: 7.75 C-4: 135.7 
Comparison with benzene: 
208 (3.90) 7.26 128.5 
262 (2.41) am — 1 (hexane) 


These data confirm pyridine to be a delocalized 6m-heteroarene with a diamagnetic 
ring current. Due to the anisotropic effect of the nitrogen, the individual ring positions 
have differing m-electron densities. The chemical shifts of the pyridine protons as 
well as of the ring C-atoms show the a-position to be the most deshielded. The 
y-position suffers less deshielding relative to the B-position, which has values closest to 
benzene (see above). Pyridine can be described mesomerically by canonical structures 
in which the s-electron density is lowest on the 2, 4, and 6 C-atoms and highest on the 
N-atom: 


The pyridine system is characterized by an empirical resonance energy of 
AE, = 134kJmol~’ and a Dewar resonance energy calculated by the SCF/MO 
method of 87.5 kJ mol ‘(cf. benzene AE, = 150 kJ mol”', Dewar resonance energy = 
94.6 kJ mol). 

The electronic structure of the pyridine system can also be described by means of 
molecular orbital (MO) theory [77]. All the ring atoms are sp*-hybridized. The linear 
combination of the six 2p, atomic orbitals leads to six delocalized 1-MOs, three of which 
are bonding and three antibonding (see Figure 6.9). 

In contrast to benzene, m2 and 13, as well as m4 and ms, are not degenerate because a 
nodal plane on the one hand bisects the o-framework between the C-atoms 2,3 and 5,6 
and on the other hand passes between the N-atom and C-4. Each ring atom contributes 
one electron to the cyclic conjugated system. The six electrons occupy the three bonding 
m-MOs in pairs. The ionization potentials, and hence the orbital energies, of m1, m2, and 
t3 were ascertained from the photoelectronic spectra (see Figure 6.9). When compared 
with the values of benzene (m1, = —12.25 eV, mz = 13 = —9.24 eV), it is evident that 
the N-atom in pyridine lowers the energy of the delocalized n-MOs, which results in a 
stabilization of the 1-system. 
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energy 4 


(a) (b) (c) 


Figure 6.9 Electronic structure of pyridine. (a) Energy level scheme of the m-MOs and electronic 
occupation. (b) m-MO (the N-atom occupies the lowest corner of the hexagon). (c) 1-Electron 
densities calculated by ab initio MO methods [78] and dipole moment. 


Differing values are obtained for the 1-electron densities q according to the MO method 

applied. However, they all show the same rank order. On the N-atom, q is largest, followed 
by the C-atoms 3 and 5. On the C-atoms 2, 4, and 6, q < 1 (see Figure 6.9). In agreement 
with these values, and in contrast to benzene (q = 1.000 on each C-atom), pyridine 
possesses a dipole moment, found to be 2.22 D and with its negative end pointing toward 
the N-atom. This is a consequence of the greater electronegativity of nitrogen compared 
with that of carbon. Compared to pyrrole (see p. 108), pyridine belongs to the group of 
m-deficient nitrogen heterocycles. 
The reactivity of pyridine is determined by its character as an electron-deficient aromatic 
azine system. Therefore, electrophiles should attack preferably at the N-atom, but also at 
the ring-C-atoms in SgAr reactions, while nucleophiles should attack at the ring carbons 
and undergo SyAr reactions. In analogy to benzene, thermal as well as photochemical 
valence tautomerizations can be expected. 


(1) Electrophilic reactions at nitrogen 


Lewis acids (L) such as AICl;, SbCl;, or SO3 form stable N-adducts of type 1 with 
pyridine; the SO3-adduct serves as a mild sulfonating agent (cf. p. 64, further examples in 
Chapter 5). 

BRONSTED acids form pyridinium salts (2; pK, of pyridine: 5.2); some of them are 
used as reagents in synthesis, for example, the chlorochromate (2, X = CrO3Cl) and the 
dichromate (2, X = Cr2O7/2) as oxidants (prim. alcohol — aldehyde; sec. alcohol > 
ketone) or the perbromide (2, X = Br3) as a brominating agent. 
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K*~O,SONH, 
KI pA 


Allyl halides and tosylates or dialkyl sulfates give rise to quaternary N-alkylpyridinium 
salts 3, activated haloarenes (e.g., 1-chloro-2,4-dinitrobenzene) form N-arylpyridinium 
salts 4. N-alkylation is likewise brought about by MicHaet addition of pyridine to 
acrylic acid derivatives 5 (e.g., R= COOR or CN) in the presence of HX (cf. also the 
Krnc-ORTOLEVA reaction, p. 380). 

Acid chlorides or anhydrides yield N-acylpyridinium salts 6, which are very reactive 
and sensitive to hydrolysis; they are involved in the acylation of alcohols and amine in 
pyridine as solvent (EINHORN variant of the SCHOTTEN-BAUMANN reaction). Analogously, 
sulfonyl chlorides react in sulfonylations in pyridine via N-sulfonylpyridinium ions. 

DMAP (STEGLICH reagent) is a frequently used acylation catalyst; it is more reactive 
than pyridine by a factor of 10* [79]. 

Peroxy acids react with pyridine to give pyridine-N-oxide (7) in an electrophilic 
oxygen transfer process (for reactions of pyridine-N-oxides, cf. p. 360). Other functions 
transferred to pyridine as electrophiles are CN (from cyanogen bromide) or NH: (from 
K-hydroxylamine-O-sulfonate/KI (— 8)). 


(2) Electrophilic substitution reactions 


SgAr reactions of pyridine proceed much more slowly than those of benzene; they 
usually require drastic conditions and occur exclusively at the 3-position [80]. The relative 
reactivity of pyridine is comparable to that of nitrobenzene (~ 1077 rel. to benzene); 
in SgAr reactions operating in strongly acidic medium (nitration, sulfonation), the 
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pyridinium ion is involved and the observed relative reactivity is comparable to that of 
1,3-dinitrobenzene (~10~*). As expected, donor substituents, increase the S$; Ar reactivity 
of the pyridine system. 

The (experimentally observed) preferential C-3-orientation of SgAr processes at pyri- 
dine can be considered with respect to the o-complexes involved. Comparison of the 
o-complexes resulting from the addition of electrophiles to the 2-, 3-, and 4-positions 
in pyridine shows that only electrophilic attack at the 3-position avoids participation of 
energy-rich nitrenium forms, which destabilize o-complexes 9/11 relative to 10: 


2 - attack Ss 


a > | ® H 9 —> | io 
N E —Ht NZ E 
o-complex with N* 
Bi a E 
S 3 @ 3 - attack E ~ 
| + E —_>-—————> Sn 10 — | ss 
NZ 2 = -H* N 
~ o-complex without Nt 
HE E 
4 - attack N 
\—ffp—_> | ®@ | 11 — | ps 
N -Ht N 


o-complex with N* 


Some S,gAr reactions of pyridine show interesting features with respect to product 
formation, reactivity, and orientation. 


(a) Nitration of pyridine with HNO3/H2SO, occurs under drastic conditions (about 
300°C), but yields only about 10% of 3-nitropyridine (13).N2O5 as nitrating agent, 
however, gives rise to good yields of 13 (>70%) when reacted in CH3NO} in the presence 
of NaHSO; or in SO2. A mechanism including primary N-attack (via intermediate 12) 
and an addition/elimination sequence of SO2 or HSO; (including 1,5-migration of NO?) 
is suggested [81]. 


N 
l _ N,Os ~N Oz 
a Aa ia lis 13 
@N N 
| o) 
NO,NO3 A 
1 — H,S03 
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Hydroxy- and aminopyridines show special features. 3-Hydroxypyridine undergoes 


nitration exclusively in the 2-position (— 14); when the 2-position is blocked, as in 15, 
preferentially in the 4-position (> 16): 


2 OH 


om H,SO, / HNO; S a4 
—_—J__—_—_— 
NZ 2 N* “NO, 
~ _ H,SO, / HNO Le OH 
6 \N7>CH, n?cH, 


In the nitration of 4-aminopyridine, nuclear substitution affording 4-amino-3-nitro- 
pyridine (18) is preceded by N-substitution leading to N-nitroamine 17, which 
rearranges to 18 in an acid-catalyzed N -—> C-NO)-migration (according to a 
BAMBERGER-HUGHES-INGOLD rearrangement). 


NH HN-NO, NH, 
S H,SO, / HNO, NN ~ NO, S- NO2 
—.|?§ ——> 
N N N 
17 18 


(b) Sulfonation of pyridine with oleum at 250°C with Hg(II) catalysis leads to the 
pyridine-3-sulfonic acid 19: 


SO3H 
oleum, HgSO, SO.H 
CQ 2. Ty = 
Zs st zs 
N N N 
19 20 


The effect of the Hg(II) in this reaction is attributed to N-coordination and suppression 
of the strongly deactivating N-protonation. Sulfonation of pyridine at 360°C or heating 
of 19 at this temperature yields the pyridine-4-sulfonic acid 20, which is indicative of a 
thermodynamic control for the 4-substitution. 

Alkyl-substituted pyridines show some special effects in sulfonation; thus, 2-, 3-, and 
4-picoline always produce the corresponding 5-sulfonic acid: 


CH, 
oleum 


A ‘ ~~ SO03H HsC_ AR SOH L-S03H 
HC J Le Lg Lg 
N H3C~ ~N N > SN 


2-, 3-, 4- picoline 
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2,6-Lutidine does not undergo C-substitution with SO3, but yields 21 by N-addition. 
However, 2,6-di-tert-butylpyridine is converted into the 3-sulfonic acid 22 under mild 
conditions (SO3, —10°C); with oleum at higher temperature, 22 is also obtained, 
accompanied by the sulfone 23: 


S —_ 
oleum en a1 
sa 


H,C~ ~N* ~CHs H3C ono 
3 


QO fe) 
SO3H —_ SOx, lig. SO; oleum ~ ‘ot 
a ~ Keke SS ss 7 woe 
22 + Zs 
N 
23 


The ready formation of 22 can be interpreted with steric hindrance of the attack of SO; 
at the N-atom by the bulky tert-butyl groups. 
(c) Halogenation of pyridine occurs with elemental chlorine or bromine at high temper- 
ature; 3-halo- and 3,5-dihalopyridines are formed at about 300°C as a result of an ionic 
SgAr process: 


Sok Ae 200-300 °C S 300-500 °C S S 
[y+ Ty ee tle Oe Et 
N N N N* ~X  X7~N* ~x 


(X = Cl, Br) 


At temperatures higher than 300°C, 2-halo- and 2,6-dihalopyridines are produced, 
probably by a radical mechanism. 
(d) Comparatively little is known about other electrophilic substitution reactions of pyri- 
dine derivatives. Systems activated by donor substituents, for example, 3-hydroxypyridine 
(24), undergo azo-coupling, carboxylation, and hydroxymethylation. Its O-ethyl ether (25) 
can even be ring-alkylated in a FRIEDEL-CRAFTS process [82]: 


S 
re phn” ce ‘oes 
2 
N R=H =H 


meee " PhCH,Cl 


base 24 2 R = H AICI, 
OH R=H 25:R=Et A=Et 
= PhH2C. OEt 
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wee | 
N 
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(3) Nucleophilic substitution reactions 


(a) Halogenopyridines undergo displacement reactions with a large number of N-, O-, 
S-, and C-nucleophiles. Such SyAr reactions occur preferentially in positions 2 and 4, 
less readily in 3-position, as indicated by studies of relative reactivity at chloropyridines 
(NaOMe in MeOH at +20°C, relative reaction rates: 2-Cl ~ 0.05, 4-Cl= 1, 3-Cl 
~107°) [83, 84]. 

With 2- and 4-halogenopyridines, the SyAr process follows an addition/elimination 
mechanism, for example: 


S 
S «Nur or +NuH | x un (X = halogen) 
| 2 N° “Nu 
N* ~x o ye a Nu (Nu= OH, OR, SR) 


(NUH = NHs3, amines) 


With 3-halogenopyridines, nucleophilic substitution takes place by an aryne mech- 
anism. For instance, reaction of 3-chloropyridine with NaNH2/NaO¢Bu in tetrahydro- 
furan (THF) at 40°C in the presence of pyrrolidine yields a 1:1 mixture of 3- and 
4-(N-pyrrolidino)pyridines, which is indicative of a primary 1,2-dehydro-halogenation 
and addition of pyrrolidine to a 3,4-dehydropyridine (‘‘hetaryne”’) intermediate [85]. 


NaNH, / NaO?Bu ei Cy N 
:* a THF, 40 °C S oe er L 
= + 
NZ NZ 90% NZ | Zz 
N 
SnAr reactions in N-alkylpyridinium ions possessing leaving groups at the ring 
C-atoms proceed much faster than in pyridine. This applies especially to the 2-position 


(e.g., chloro-N-methylpyridinium salts, NaOMe in MeOH at 20°C: relative reaction rates 
2-Cl ~101!, 4-Cl ~10°, 3-Cl +10°; rate = 1 for 4-chloropyridine) [83]: 


(©) 
CL + Meroe + NuH ex —— | - 
a — a 


oN >x N“Sy -x® or —HX @N* ~Nu 
R R R 


(b) Remarkably, pyridines are capable of utilizing hydride as leaving groups in SyAr 
processes, for example, in the CHICHIBABIN reaction and in the ZIEGLER reaction. 

The CHICHIBABIN reaction involves reaction of pyridine with NaNH) (in toluene or 
N,N-dimethylaniline) and leads regioselectively to 2-aminopyridine(s), for example: 
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+ NaNH, S NaNH, S 
proce eeeeene | —— | ~---) 
H a — NaH — i 
N7H N7~NH, | H,0 
fl S u '— NaOH 
S 
N7SHOT ~ | alee * NaH S 
a A seeseeues > | sk. Seneceses > | } 
NarNHo""Na—NHp oN NH “Net ee: eb N7~NH Na 
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According to a (simplified) mechanistic scheme, primary addition of NaNH) to the 
2-position of pyridine is reasonable, while regioselectivity is controlled by N-coordination 
of Na in the addition complex 26; subsequently, the 2-hydrogen in 26 is removed as 
hydride ion, an amide intermediate 27 is formed by deprotonation with hydride (> Ha), 
and hydrolysis releases the 2-aminopyridine. 

Alternatively, single electron transfer (SET) in 26 to the heterocycle is discussed, as 
suggested by the formation of products arising from a radical dimerization, for example, 
in the CHICHIBABIN reaction of acridine (cf. p. 425) [86]. 

The ZrEGLER reaction analogously involves formation of 2-substitution products 28 
from pyridine and alkyl- or aryllithiums: 


_ S 
| + RL ———> | 28 
N7 ~ LiH N*>R 


Y 
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In the reaction of phenyllithium with pyridine, the primary adduct 29 and its proto- 
nation product, the 1,2-dihydropyridine 30, can be isolated. The complex 29 (R = Ph) 
affords 2-phenylpyridine (28, R = Ph) when heated to 100°C, while 1,2-dihydropyridine 
30 (R = Ph) is dehydrogenated to the pyridine 28 (R = Ph) on reaction with Op. 


(4) Metalation and metal-mediated reactions 


(a) Aside from addition (cf. 3(b)), organolithium compounds and Li-amides undergo 
H-metal exchange reactions (metalation) of pyridine-CH-bonds. This lithiation process is 
assisted and facilitated by substituents which (i) favor deprotonation by inductive effects, 
like halogens and (ii) stabilize the pyridyl lithium compound by chelation, like alkoxy 
or amide residues; both effects favor directed metalation in ortho-position to the given 
functional groups. 

The regioselectivities observed often are in accord with the results of H-D-exchange 
in pyridine itself, which (promoted by MeONa in MeOD at 160°C) occurs in all 
positions, but at relative rates of C-2/C-3/C-4 = 1:9:12 [87]. This is illustrated by the 
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following examples of metalations of functionalized pyridines followed by electrophilic 
transformations of the pyridyl lithium compounds (31-33) formed [88]: 


{' “LDA Cl ] Cl 
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| — } 31 —- | 
~~ S =~ 
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ZF ) N -78 °C CY ” ArCONMe, Z ) N 
—_————_—+ ——_—_—_—_—> 

SN A SN Hr ~ LiNMe, SN A 


In a recent example [89], regioselective a-lithiation of 2-arylpyridines is achieved 
by applying the nBuLi/DMAE superbase (DMAE = Me,N-CH2-CH)2-OH). The 
pyridine-Li-compounds 34 thus obtained can be used for further transformations 
(halogenation and coupling with RMgX) to 2,6-disubstituted pyridines (34 + 35 — 36). 


RMgxX, S 
l s superbase | * CCl, | . ae | zZ 

a NZ H 2 ae NZ Li Ar NZ Cl Ar N R 
34 35 36 


Alternatively, lithiopyridines can be obtained by halogen-metal exchange from 
halogenopyridines and organolithium compounds, as shown for 37: 


fe) 
B nBuLi Li (1) PhCN 
Z r 78°C A (2) H,O a Ph 
co ee ——— |e 
N N N 
37 


(b) Toward Grignard compounds, pyridine shows a more complex behavior. By reaction 
with ether-free RMgX, main products are 2-substituted pyridines 38 in analogy to the 
Ziegler protocol with RLi. However, when R-Cl and Mg are reacted in boiling pyridine, 
the 4-substitution product 39 dominates: 
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As a mechanistic explanation, change to a radical process is thought to be responsible 

for the reversal of regioselectivity observed in alkylation. A SET from the metal to pyridine 
generates a radical anion 40, which adds RMgxX to give the dihydropridine 41 and finally 
the 4-substitution product 39 [90]. 
(c) As already mentioned for other heterocycles, direct transition metal-catalyzed C-H 
activation followed by functionalization is also possible for pyridine. Thus, pyridine reacts 
with internal alkynes by cooperative catalysis of ZnMe or ZnPh and Ni(cod)2/P(iPr)3 
in a regioselective C-2-alkenylation to give 2-substituted pyridines 42 [91]: 


R—=-R A 
ac S LA, cat. Af S H age ~Y S R 
aS ee scone a —f 
\n? H N R AN A~R 
42 iF 43. =R 


With Zn Lewis acids, only single a-insertion of alkynes (— 42) is observed, while 
with AlMe; double alkenylation (— 43) dominates. It is proposed that oxidative Ni(0) 
insertion to the 2-CH bond, hydronickelation of the triple bond, alkenyl transfer to C-2 
of the pyridine, and reductive Ni-elimination are the decisive steps in the catalytic cycle. 
(d) The pyridyl residue may serve as a directing group in C-H insertion reactions 
of phenyl substituents at pyridine mediated by transition metals like Cu and Pd. For 
instance, 2-phenylpyridine can be regioselectively halogenated, acetoxylated, and cyanided 
(— products 44, 45, and 47) in the presence of Cu(OAc), [92] or amidated (— 46) in the 
presence of Pd(OAc)2 [93]: 

= Br S OAc 
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For the interpretation of the Cu-mediated ortho-functionalization of the phenyl residue, 
a radical cation pathway is invoked. A SET from the phenyl ring to Cu(II) in the 
N-coordinated species 48 leads to the Cu(I)-coordinated cation-radical intermediate 49, 
followed by an intramolecular anion transfer in 49 with concomitant decomplexation 
and deprotonation in an additional SET providing the products (49 > 50 —> 51). 


_ 
NZ SET NZ 
48 A A 
\~ cull !) | 
Xx x 


Cu(l) “ ‘i 
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SET ( oa 


(5) Additions of nucleophiles to pyridinium ions 


(a) N-Alkylpyridinium ions add hydroxide ions reversibly and regioselectively in the 
2-position, forming 2-hydroxy-1,2-dihydro-N-alkylpyridines (‘‘pseudobases,” e.g., 52) 
which are oxidized by mild oxidizing agents, for example, hexacyanoferrate(II]), to 
N-alkyl-2-pyridones, for example, 53: 


tt. 
N@ t OH -2H 


(b) Pyridinium ions 54 with N-acceptor substituents also add O- and N-nucleophiles at 
C-2 with concomitant ring opening at N/C-2 (probably in an electrocyclic process), which 
affords 1-azatrienes (54 > 55 — 56) (ZINCKE reaction): 
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Examples of the ZINCKE reaction are ring-opening reactions of the pyridinium salt 
54 (A = 2,4-dinitrophenyl) with aqueous alkali (leading to aminodienal 57 and to gluta- 
condialdehyde 58 by hydrolysis) and with aniline (leading to bisanil 59 after subsequent 
amine exchange): 


(1 _NaOH, HO orks | S 
) 
N6 cl "HCL NE. 


, HO” H” *O 
Ar 
| 57 Ar = 2,4-dinitrophenyl 58 
+Ph—-NH,} —HCI 
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Ar 4H H H 


59 


(c) Ina multicomponent coupling process, terminal alkynes are added to pyridines with 
free 2-position in the presence of a chloroformate, DIPEA, and a catalytic amount of Cul 
to afford regioselectively N-acyl-2-alkinyl-1,2-dihydropyridines 60 [94]: 


Cul, 
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As a mechanistic rationale, the pyridine is likely to be activated by formation 
of an N-acylpyridinium ion 61, which undergoes (presumably coordination-directed) 
C-2-addition of intermediately formed Cu-acetylide 62 providing 1,2-dihydropyridine 60. 

Quinolines and isoquinolines react analogously. In the presence of a chiral ligand 
system, the alkinylation process can be conducted stereoselectively. 

(d) In a similar process, but without metal mediation, electron-rich m-basic arenes 
undergo regioselective C-4-addition to pyridines in the presence of triflic anhydride to 
give the N-Tf-substituted 1,4-dihydropyridines 63 [95]: 
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In the primary step, an N-trifluoromethylsulfonyl-substituted pyridinium ion 64 is 
likely to be formed, which activates the pyridine system for C-4-addition and prevents 
addition in 2- or 6-position due to steric hindrance by the bulky N-substituent. Aromatiza- 
tion of 63 to the 4-arylpyridines 65 is efficiently accomplished by means of tBuOK/DMSO, 
thus allowing a selective overall 4-arylation of pyridines. 


(6) Side-chain reactivity of pyridine 


(a) Alkylpyridines undergo reactions analogous to benzene such as side-chain halo- 
genation and oxidative functionalization (cf. p. 365). In addition, C-H bonds directly 
neighboring the heterocycle display a kinetic acidity which is greater by a factor of > 10° 
than that of the corresponding benzene derivatives. This is more pronounced in the 2- 
and 4-positions than in the 3-position, as demonstrated by H/D-exchange experiments 
of 2-, 3-, and 4-picoline with relative rates of 130:1:1810 (MeOD/MeONa at 20°C, cf. 
toluene ~10~°) [96]. 

Accordingly, deprotonation of the 2- and 4-“‘heterobenzylic” C—H bonds is faster than at 
the 3-position. This is due to the resonance stabilization of the corresponding carbanions 
66 and 67 (‘‘azaenolates”) with participation of the ring nitrogen, which is not available 
for the 3-pyridyl anion 68: 
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2- and 4-pyridylcarbanions 66/67 are generated in situ either by strong bases (e.g., alkali 
metal amides, organolithium compounds) in an aprotic medium, or by weaker bases 
(e.g., hydroxides, alcoholates, amines) in a protic medium. 

Under proton or Lewts acid catalysis, 2- and 4-alkylpyridines equilibrate with the 
tautomeric methylene bases 69 and 70, which show the reactivity of enamines: 


OPE |G 


Therefore, alkylpyridines and N-alkylpyridinium ions undergo base- or acid-catalyzed 
reactions with electrophilic reagents preferably at the 2- and 4-“heterobenzylic’” positions. 
For instance, the CH3 group of 2- or 4-picoline can be alkylated (— 71), carboxylated 
(— 72), and acylated (— 74) by a CratsEn-like condensation; aldol addition (— 73), 
multiple aldol addition (— 76), and aldol condensation (— 75) are also possible. 

When several alkyl groups are present, deprotonation takes place at the most acidic 
pyridyl C-H bond. For instance, the synthesis of 3,4-diethylpyridine (78) is effected by 
selective deprotonation of the 4-methyl group in 3-ethyl-4-methylpyridine (77) followed 
by alkylation. 
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(b) a-C-H bonds of an alkyl group at a quaternary pyridine nitrogen, for example, in 
the N-alkylpyridinium ion 79, possess considerable CH-acidity, which is increased by 
acceptor substituents. On deprotonation, pyridinium betaines (ylides) 80 are formed: 


ON 
+H* as 
a ud un 
HA a ) 
79 80 (A = CN, COOR, COR etc.) 
E-X | R—=—R 
_ R 
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The first example of a stable pyridinium ylide of type 80 is the pyridinium phenacylide 
(80, A = CH,COPh), obtained from the N-phenacylpyridinium ion (79, A = CH2COPh) 
by deprotonation with Na,CO; [97]. The reactivity of the pyridinium betaines is de- 
termined by their electron distribution (80a—c). Thus, they can be smoothly alkylated 
or acylated at the N-substituent (— 81); as 1,3-dipoles, they undergo dipolar cycloaddi- 
tions with activated alkynes or alkenes [98]; for example, the sequence 80 > 82 > 83 
establishes an efficient principle of indolizine synthesis (cf. p. 154). 


(7) Pyridine-N-oxides and their reactions 


With pyridine-N-oxides a series of reactions can be carried out which cannot be achieved 
with the parent system by direct methods [99]. 

N-Oxidation of pyridines (cf. p. 348) is performed with peroxy acids [100]; deoxy- 
genation of N-oxides back to pyridine is brought about by redox reactions with phospho- 
rus(III) compounds (e.g., PCl3, PPh3, or P(OR)3): 


CS RCO,H cS Pl'x, CSS 
R-— —_—> R-— ———>.__—- R-- + X,PY=O0 
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(a) Pyridine-N-oxide undergoes electrophilic and nucleophilic substitution reactions at 
the 2- and 4-positions, as predicted from its resonance description (84): 
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Noteworthy is the higher reactivity of pyridine-N-oxide toward nitration as com- 
pared to pyridine, which proceeds in HNO3/H2SO,4 (via o-complex 85) to afford 
4-nitropyridine- N-oxide (86): 
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Regardless of the low nucleofugal potential of the NO2 group, SnAr reactions can be 
carried out on 86; for example, alcoholates give 4-alkoxypyridine-N-oxides 89. Deoxygena- 
tion of 86 with PCl; furnishes 4-nitropyridine, and catalytic reduction with H2/Pd-C in 
EtOH yields 4-aminopyridine- N-oxide (88), in HyO/HC] 4-aminopyridine (87). 

(b) Pyridine-N-oxides form stable 1:1-complexes with Lewis acids. The SbCl;-complex 
90 gives rise to 2-pyridones (on thermolysis followed by hydrolysis) by a regioselective 
oxygen-transfer from N to the a-position (presumably via 91): 


aS CH,NO,, A i H,0 i 
R ee aoe R ee a A 
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N-Oxides of quinolines and isoquinolines undergo analogous transformations [101]. 
(c) Pyridine-N-oxides undergo alkylation and acylation at oxygen. O-Alkylation occurs 
readily with benzyl halides and affords (1-benzyloxy)pyridinium salts 92, which un- 
dergo disproportionation in basic medium to give aryl aldehydes and pyridine. Thus, 
pyridine-N-oxide brings about the conversion of a benzyl halide into an arylaldehyde 
(Ar-CH,-—X — Ar-CH=0) in analogy to the KornBium oxidation [102]. 
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O-Acylation of pyridine- N-oxide is brought about by acid anhydrides; it is accompanied 
by addition of carboxylate to the 2-position of the O-acyl-N-oxide (e.g., with Ac,)O — 93) 
and elimination of carboxylic acid (e.g., 93 + 94). The resulting (2-acyloxy)pyridine (e.g., 
94) hydrolyzes to 2-pyridone. 

In an extension of this reaction principle, successive treatment of pyridine-N-oxides 
with Tos.O, tBuNHo2, and TFA leads to 2-aminopyridines very effectively [103]. Their 
formation is straightforwardly accomplished by O-tosylation of the N-oxide with Tos,O, 
concomitant C-2-addition of tBuNH) (e.g., > 95), elimination of TosOH (e.g., > 96), and 
finally removal of the tBu group by TFA: 


Ar —CHp —X * O 
> 2 2 iS) NaOH 
> —_ Ar 
| NZ @N x —NaBr ao! 
@ n O-CH,-Ar —H,0 
i) . — pyridine 
Ac,O 92 
S | S 
OF eee 
0s,0 —_—_—> Z 
tBuNH, N° "OAc — HOAc N* ~OAc —HOAc Nv "Oo 
OAc J 
93 94 
_ 
(| |e ee 
Zt 
N N — TosOH N N F 
H = N* ~NH 
OTos"! = 2 
95 96 


In contrast, N-oxides of 2- and 4-alkylpyridines are functionalized in the side-chain 
(BOEKELHEIDE reaction) by acylation reagents (acid anhydrides [104] leading to acy- 
loxylation, sulfonyl chlorides, or POCIl; [105] leading to chlorination). For instance, 
2-picoline- N-oxide on reaction with Ac2O yields a mixture of acetoxy compounds (97-99), 
in which the methyl-acetoxylated product 97 dominates [106]: 


NN a6 tS <a OAc AcO Tt 
Co ee. if 2 +f. * TT. 
N~ “CH N* “CH 
98 99 


@N* “CH, N~ ~CH,OAc 
05 97 
Product formation can be rationalized by an ion-pair-based mechanism via the central 
intermediate 102, which is formed by primary O-acylation of the N-oxide (+100), HOAc 
elimination, and ionization (101); ion-recombination in the ion-pair 102 affords the 
products 97-99 [107]. 


(S) 
AcO 
= Ac,0 | ff = } CL ox 
_——* Z Aco) >> — > ||®y —— = 97-99 
ON* SCH, @N* ~CH, -HoAc ~N7 SCH, Kj 
QO OAc OAc 
102 
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(d) Pyridine-N-oxides are susceptible to Pd-catalyzed C-H functionalization. Thus, 
they undergo highly selective 2-alkenylation with a series of monosubstituted alkenes 
(103) and direct arylation with non-activated arenes (104) in the presence of 
Pd(OAc)2/Ag2CO3; the monoarylated products 104 are accompanied by minor amounts 
of 2,6-diarylpyridine-N-oxides 105 [108], for example: 


_ S _ _ 
Ls - FR et Ar-H Ps 
@N R ON @N Ar \ + Ar7 @N 

% 


09 06 O5 
103 + Pd(OAc)», AgeCOs, 104 105 
pyridine 


(8) Thermal and photochemical reactions 


(a) Pyridines show a number of thermal and photochemical transformations which 
are analogous to the valence tautomerization of benzene leading to Dewar benzene, 
prismane, and benzvalene. 

On irradiation in butane at —15°C, pyridine is converted into ‘“‘DEwar pyridine” 
(106) (half-life 2.5 min at 25°C). Its structure has been confirmed spectroscopically; it 
was chemically characterized by reduction with NaBH, to the bicyclic azetidine 107 
as well as by hydrolysis to 5-amino-2,4-pentadienal (109) (via the hemiaminal 108). 
Matrix photolysis of pyridine at 8K leads to acetylene and HCN as the result of a 
(2 + 2)-cycloreversion of the Dewar pyridine 106 resulting in cyclobutadiene formation. 


hv, butane 
N 15°C NaBH, 
(J) 2 wy 
+8K 106 1o7 1 
_ Y | 0 
ry CH=O 
—~H-C=N OH CH=O 
ELK “ 
—_—> —_—> 
NH S 
o une NH 
2 H—-H 7 
108 109 


Alkylpyridines isomerize on gas-phase photolysis. For instance, 2-picoline is trans- 
formed into a photostationary equilibrium with 3- and 4-picoline, which is indicative of 
an intermediate ‘‘azaprismane”’ 110: 


CH 
h CHg 3 
ol : LO-Hs (TY = 
s <—_—_—_—. —_—_—_. s + | 
N™ *CHg N N NZ 


110 
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Photolysis of highly substituted pyridines gives rise to isolable and stable valence 
isomers. For instance, pentakis(pentafluoroethyl)pyridine (111) is converted almost 
quantitatively to the symmetrical 1-aza-DEwar pyridine 112. Further irradiation brings 
about isomerization (intramolecular (2 + 2)-cycloaddition) of 112 to the corresponding 
azaprismane derivative 114 [109]: 


R 
4 hv for (R = CF2CFs) 
R R 
RR 7 R R 
113° FV 5 114 
R " . R 


That 112 and not the isomeric 2-aza-DEwar pyridine 113 is formed can be ascribed to 
substituent interactions in the cyclobutene ring of the [2.2.0] bicycle. These destabilize 
the 2-aza system 113 (two bulky substituents in bridgehead position) compared to the 
1-aza system 112 (only one bulky substituent in bridgehead position). The remarkable 
stability of 112/114 — only extended heating reconstitutes the pyridine 111 — is ascribed 
to the reduced steric interaction of the bulky substituents in 112/114 compared to that in 
the planar structure 111. 

Furthermore, valence tautomers of pyridine are accessible by cycloaddition reactions 
of tri-tert-butylazete (115) (cf. p. 50) with activated alkynes [110]: 


R RR a gfe (> 250m) R R 


25°C ° , 
| 20°C 
I y ee ee lit oO a ee | 


R= tBu A R' H*,PhH | 


115 R' = COOMe 116 117 20°C 118 


Regioselective alkyne cycloaddition to the azacyclobutadiene 115 affords the 
1-aza-Dewar-pyridine 116. Photochemical ring-closure converts 116 to the azaprismane 
117, which on heating or proton-catalyzed isomerizes to the sterically crowded pyridine 
derivative 118. 

(b) Pyridine N-oxides and other heterocyclic N-oxides display variable photochemical 
behavior. 

Photolysis of pyridine-N-oxide in the gas-phase results in deoxygenation to pyridine 
via a triplet excited state. On photolysis in benzene solution or in the presence of 
naphthalene, the N-oxide oxygen is transferred to an arene molecule, thus undergoing 
either C—H insertion (to give phenol) or addition to a double bond (to give an areneoxide 
119): 
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hv 


OH 
benzene 
O hv Ye or 
naphthalene Ss 
<< 
— pyridine F hv 

oN \. gas phase S 

| zg 

— "Toy" ‘i 


When the photolysis of pyridine-N-oxide is carried out in a polar solvent via the singlet 
excited state, isomerization to 2-pyridone is observed; as intermediate an oxaziridine 120 
is postulated: 


NN hv 
l H,0 S 1,2-H-shift = 
|e 
@N N N7~ oO 
i ™ I 
O 0 4 
(S) 
120 


(c) Pyridinium N-ylides, for example, 121, behave analogously to the isoelectronic 
N-oxides. Photolysis in an inert solvent leads to the diazepine 123 as the sole product, 
presumably via intermediate formation of a diaziridine 122 and concomitant electrocyclic 
N/C-1 cleavage. Photolysis in benzene solution yields (in addition to the diazepine 123) 
the azepine 124 due to competition of N-N cleavage in 121 and interception of the 
resulting nitrene by the solvent ((2 + 2)-cycloaddition and electrocyclic opening of the 
intermediate diazanorcaradiene) [111]: 


S hv oS 
| S dioxane ly CTL-H = 
N —_—_——_——__> N ee | N-COOEt 
Hie * =N 
I COOEt 
COOEt 122 123 
121 
hv + CO 
benzene S = “= 
| + N-COOEt ———————> _ |] __N-COOEt 
N7 = 
124 


(9) Oxidation and reduction 


(a) The pyridine ring is remarkably stable toward oxidation. Therefore, pyridine serves 
as a solvent for oxidation reactions, for example, in the CoLt1ns oxidation with CrO3. 
Aqueous KMnOg,, preferably in basic medium, oxidizes pyridine to CO2; peroxy acids 
bring about N-oxidation to pyridine- N-oxide (cf. p. 348). 

Alkylpyridines can be oxidized to give pyridine carboxylic acids by a number of 
methods. For instance, nicotinic acid (125) is obtained (i) from 3-picoline by oxidation 
with O7 in DMF in the presence of KO¢Bu and (ii) in a technical process by oxidation of 
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5-ethyl-2-methylpyridine (128) with HNO3 followed by chemoselective decarboxylation 
of the dicarboxylic acid 126 [112]. 

Selective side-chain oxidation of 128 is also reported, as shown in the examples 127 
and 129. 


O,, DMF, 
tBuOK S COOH A S OOH 
= <— | oO 
N -CO, HOOC~ ~N 
125 126 
~ CH 
Ut HNO, 
N 
aes Store) 
KMnO, |! S 1 
~ COOH ! & eo ~CHaCHg 
| e ‘H3C* ~N !—> | e 
Fo gis. gine ceca HOOC ~N 
SY 427 128 129 


Oxidative functionalization of the benzyl position can be conducted to give carbonyl 
compounds, for example, the gas-phase dehydrogenation of picolines to the correspond- 
ing aldehydes or the oxidation of 2-benzylpyridine to 2-benzoylpyridine. 

(b) Pyridines are more easily susceptible to reduction than benzene derivatives. Catalytic 
hydrogenation, which requires high temperature and H-pressure for benzene, occurs 
with pyridine at room temperature under atmospheric pressure and affords piperidine: 


Hp, Pt 


© AcOH, 20 °C 
= 
N 


Complex metal hydrides behave non-uniformly toward pyridine. LiAlH, affords an 
Al-complex containing four O-bound dihydropyridines (1,2- and 1,4-). NaBH, does not 
react at all with pyridine. However, Li[Et;SiH] reduces pyridine readily to piperidine 
[113]. 

N-Alkylpyridinium salts are readily reduced by NaBHy. Product formation and 
degree of reduction can be controlled by the pH of the reaction medium. Thus, 
1-methylpyridinium chloride (131) is converted to 1-methyl-1,2-dihydropyridine (132) in 
H20 at pH > 7, but to 1-methyl-1,2,3,6-tetrahydropyridine (130) at pH 2—5; complete 
reduction to 1-methylpiperidine is brought about by Sn or Zn in dilute HCl (pH > 1). 


N 


H 


NaBH,, NaBH,, 

CJ Howe (J Hose 4 
N pH 2-5 GN* PHD? N 
CH3 CHsg Cl CH3 
130 131 132 


Zn or Sn 
HCl 
N 
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Many biologically important redox reactions proceed via the N-quaternary pyridine 
system of nicotinamide (133) in the coenzyme NAD? with reversible hydrogen transfer 
to the pyridine-4-position (redox equilibrium NAD* 133/NADH 134): 


H + Ht HH 
. | CO-NHz 426 CO-NH5 
NAD || ———%. iff | NADH 
s —H* 
@N N 
I —die= I 
R 133 R 134 


Reduction of pyridine derivatives can be accomplished by metals. Sodium in alcohol 
solvents reduces pyridine to piperidine (LADENBURG reaction), and N-alkylpyridinium 
ions are converted to N-alkylpiperidines by metals (such as Sn or Zn) in acidic medium 
or by electrochemical reduction. 

Reduction of pyridine with Na in protic medium is interpreted to proceed in analogy to 
the BrrcH reaction of arenes, that is, as a two-step SET involving the delocalized radical 
anion 135 and subsequent 1,2- or 1,4-addition of hydrogen: 


|. ae Oe 


N 
4 a 6 
S i (1) +H" ca 
| n22 (2) +e 
N 
T << i 
Ls 
i 


Reduction of pyridine with Na in aprotic medium leads to ‘‘oxidative dimerization” 
giving rise to 4,4’-bipyridyl (136), which is interpreted by dimerization via the 4-position 
of the pyridyl radical anion (135) and subsequent dehydrogenation: 


367 


C1 we (1) dimerization 
a ee (2)+2H" oe : 


SS 7 
135 ——___» | | » 7 N 


RAH 


Interestingly, reduction with Raney nickel in aprotic medium leads to 2,2'-bipyridyl 
(137) [114]. This 2,2’-mode of dimerization may be rationalized by N-chelation of the 
dimerized species to the Ni surface. 

Pyridinium ions likewise undergo dimerization on reduction. Thus, 1-methyl- 
pyridinium chloride yields the dimer 139 either with Na/Hg or by cathodic reduction 
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(via the radical 138). The dimer 139 can be oxidized to the 4,4’-bipyridinium dication 140 
known as the herbicide paraquat [115]. 


CH, 
electrolysis, H oxidation 2 N 
S cathode . oH | > 
| wt 6 +e 2x _ A 
N7 cI eS | | ee -4e° } 
oon —_> 2Cl 
CH, " = 
CH, | as 
N 
138 i 
mV VCY 4,0 ons 
=N N= 2 140 


®\_/® 


Herbicidal activity is found in other bipyridinium salts, for example, in diquat (141). 

Dications of type 140 undergo reversible and pH-independent SET to form 
resonance-stabilized radical cations, for example, 142. In a further pH-dependent 
single-electron step with a more negative redox potential, the radical cations 142 are 
converted to a quinonoid species, for example, 143. Re-oxidation of 143 leads back to the 
dication 140. 


redox potential redox potential 
CH3 —460 mV -790 mV 
On 
a 
| 
S +e +e 
<> ————>+> 
NN <m— <~—_—\— 
| -e -e 
Nig 
@1 
CH3 
140 (ox) 142 (sem) 143 (red) 


Reversible redox systems of this type are known for many heterocyclic systems and 
have been extensively investigated by HUnic [116]. 


The retrosynthesis of pyridine (see Figure 6.10) can be carried out on several pathways. 


¢ If the azine structure is considered by itself, then the retrosynthetic analysis can start 
at the imine structural element (H2O addition O — C — 2, operation a). Cycloconden- 
sation of various intermediates can be derived from 5-aminopentadienal or -one system 
147, and further (path g, loss of NH3) on glutaconic dialdehyde or the corresponding 
diketone 148. Consideration of a “‘retro-cycloaddition”’ (operation c) suggests a synthesis 
of pyridines by a co-cyclooligomerization of alkynes with a nitrile. 

« Asa general principle, dihydro- and tetrahydropyridines can be converted to pyridines 
by dehydrogenation and elimination reactions. Considering the retrosynthetic operations 
b and d-f, the hydropyridines 144-146 should be obtained from (4 + 2)-cycloadditions 
of azadienes with activated alkynes or alkenes, and likewise from 1,3-dienes with imines. 
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H 


oe 
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LN +H,0 +H,0 
& ee ee 
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N? us HoN O 9g O Oo 
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|= Nes 
O° Ow 
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h — NH, 


retro - Michael 
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Figure 6.10 Retrosynthesis of pyridine. 


¢ The 1,4-dihydropyridine 150 (as well as its retrosynthetic equivalent 3,4-dihydropyridine 
149) can be combined with operation a. As a double enamine, it is derived from the 
enaminone 151 (via h), which in turn should be accessible (via i) from the 1,5-dicarbonyl 
system 152 and NH; by cyclocondensation. The systems 151 and 152 are retroanalytically 
interlinked, not only by dehydrogenation of 147 and 148 respectively, but also by the 
reversal of a MicHAEt addition proposing enamines or enolates and a,f-unsaturated 
carbonyl systems as starting materials for the synthesis of 1,4-dihydropyridines. 


The actual syntheses of pyridine [117] utilize to a considerable extent the results of the 
foregoing retroanalytical considerations. 


(1) Cyclocondensation of 5-aminopentadienones of type 153, formed by addition of 
3-aminocrotonates to acetylenic carbonyl compounds or condensation with f-diketones, 
affords derivatives of nicotinic acid 154 (BOHLMANN-RaHTz synthesis): 


fe) 
R= 1 1 
ey ai eae 1000,_J 
f-———— 
c | as 77 & 
H3C7 ~NH> \ - 
: : H,C~ ~NH, O7 >? ° H,C~ ~N* >R2 


153 154 
R! R? 


In-situ generation of the 3-aminocrotonates from f-ketoesters and NH4OAc gives an 
efficient one-pot procedure for the cyclocondensation with alkynones [118]. 
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(2) 1,5-Dicarbonyl compounds of various types can be used for pyridine formation. For 
instance, glutaconic dialdehyde (155) undergoes cyclization with NH3, primary amines, 
or hydroxylamine to give pyridine or pyridine derivatives, for example,: 


_ NH, — H,NOH _ 
| xm — ———— | 
NZ -2H,0  O*~HH~ SO -2H,0 N7 
155 fo) 


Pentene-1,5-diones (e.g., 156), the products of a KNOEVENAGEL condensation of two 
molecules of 1,3-diketone, are intermediates in the formation of 3-acylpyridines 157 from 
B-diketones and NH3: 


R R oO O 
o 2 re == ~R | NH nee 
—H,O0 —2H,0 | Zz 
R~ ~O O- -R R7 ~O OW ~R N7 ~R 
156 157 


(3) 1,5-Dicarbonyl compounds (accessible by MicHaeE1 addition of enolates or enamines 
to a,B-unsaturated carbonyl compounds) undergo cyclocondensation with NH; to afford 
1,4-dihydropyridines 158, whose dehydrogenation leads to pyridines 159: 


Cy ee Aha Ae 
=s 
Root R ~2H20 AON OR 2H R R 
158 159 
R =CH,R' H,NOH 
Ht 
H “H,0 
160 a lel 161 
oO R N R 
R' (OH 


If the substituent R contains an a-CH2 group, an intramolecular aldol condensation 
(160) competes with 1,4-dihydropyridine formation. This can be avoided by using 
hydroxylamine as a cyclocondensation component; since the N-hydroxy intermediate 161 
yields the pyridine 159 by H20 elimination directly, a dehydrogenation step is obsolete. 

The 1,5-dicarbonyl functionality is also represented by 2-alkoxy-3,4-dihydro-2 H-pyrans 
(e.g., 162, a masked 5-ketoaldehyde), which are obtained by hetero-D1ELs-ALDER reaction 
of enones and vinyl ethers (cf. p. 315). On treatment with hydroxylamine, they afford 
pyridines (e.g., 163): 
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H,) vee HCl YS 
ee | 
= HO Ro NZ 
‘es, 


163 


R' 


(4) Numerous alkylpyridines are formed in gas phase reactions of carbonyl compounds 
with ammonia. The mechanism of these reactions is frequently complex and not fully 
elucidated. However, some of the reactions are of preparative interest in view of their 
product selectivity. For instance, 2,6-diethyl-3-methylpyridine (164) is formed in 90% 
yield from diethyl ketone and NH; [119]. 


+NH, NH, H,O 


2% Pt-SiO, | y 9 __[CHsCOOHJNH, C3Hs : ~ 
i M 200 °C 
2 30°C | 4 HeC— 
“~ N7 es 7 N~>CHg 


O 
165 


5-Ethyl-2-methylpyridine (165, the educt in the industrial synthesis of nicotinic acid, 
cf. p. 366) is formed from acetaldehyde or crotonaldehyde and aqueous NH; ina similar 
process. 
(5) (a) Ina four-component domino reaction, two molecules of a B-dicarbonyl compound 
and an aldehyde are condensed with NH; to afford 1,4-dihydropyridines 166, which can 
be dehydrogenated [120] to give highly substituted pyridines 167 (HANTzscH synthesis): 


1 O R! 
L ‘ aX : £ + _ RNS 
R2°So H O7~R2 -3H,0 aa 


iseaeeece 4 +NH, i —H,O He 167 


7 ak | ane +NH R' = COR, COOR 
Re "Olctoge We O  ee aos 
J R2° $0 O R2 —H,0 R?, Rg = alkyl, aryl, H 


For the formation of the 1,4-dihydropyridines 166, two routes are possible. In the first, 
NH; and the f-dicarbonyl compound combine to a B-enaminone 169, whereas the alde- 
hyde and dicarbonyl compound yield an a,b-unsaturated ketone 168 in a KNOEVENAGEL 
condensation; 168 and 169 undergo Micuaet addition to 5-aminopentenones 170 and 
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subsequent cyclocondensation. In the second, the two molecules of the B-dicarbonyl com- 
pound interact with the aldehyde in a KNoEVENAGEL condensation followed by MIcHAEL 
addition to the 1,5-dicarbonyl system 171 and cyclocondensation with NH3. 

The Hantzscu protocol is of considerable scope and flexibility [121, 122]. Thus, 
B-enaminones can replace one molecule of B-dicarbonyl compound (three-component 
condensation) or can be combined with enones (two-component condensation), as 
illustrated by syntheses of the 1,4-dihydropyridine-3,5-dicarboxylate 172: 


Ph 
EtOOC O NH, EIOH EtOOC COOEt gioy ELOOC 
2 L + Ph& ——"—_ > | | — iL 
H3C~ SO H oe HgC~ ~N~ ~CHg Tae H3c~ So 
H 
172 + 
EtOH a i 
a HNO, |e 4 
Ph Ph + 
Etooc, 2 COOEt Aen aaoE COOEt 
+ | fi = | 
H;C~ SO HsN* ~CHs 2 HjN~ ~CH3 


H3C* ~N* “CH 


The Hantzscu synthesis can be conducted directly to the pyridines 167 in one-pot 
procedures (i) by combining the MCR process with oxidative aromatization by 
Pd-C/montmorillonite K-10 [123] and (ii) by using [NH4]ClO3 as a source of NH; [124]. 
(b) In a three-component domino process, a,f-unsaturated aldehydes (mainly 
cinnamaldehydes), aromatic primary amines, and f-ketoesters catalyzed by CAN 
[125] or L-proline [126] are cyclocondensed to give N-arylsubstituted-5,6-unsubstituted 
1,4-dihydropyridines 173: 


Ar! 
H Oo oO 
COOR 
miro + APN + AO,  _2HO | | 
-2 
. N° “CH 
/ Ar? 
ppceanaaaennEeaee , ' 173 
_H,0 | 


In this process—which is complementary to the classical HanrzscH synthe- 
sis — primarily a,6-unsaturated imines 174 are likely to be formed, which undergo 
MicHaez addition with the B-ketoester (175) followed by cyclizing enamine formation 
establishing the C-2/C-3 bond of the 1,4-dihydropyridine 173. 

In a formally related protocol, 2,4,6-trisubstituted or 2-aminosubstituted pyridines 
177/178 can be prepared in a one-pot cyclocondensation of methyl phosphonate anion 
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with nitriles, aldehydes, and enolates of methyl ketones or nitrile a-carbanions with 
subsequent dehydrogenation (via in-situ generated «,f-unsaturated imines 176) [127]: 

R3 R2 
(1) =< 
ar S 
2 ——— 177 
: (1) nBuLi, -78 °C R (2) [0] RIS SRB 
2) R'-CN 
(Eto) ,P-cH, —| 2) RC a—— 
(3) R2-CH=O de Gi Re 
(4) H,0 ae PY = 
176 sae S 178 
2) [0] R'~~N7 ~NH, 


(6) A simple, modular synthesis of polysubstituted pyridines of type 180 in- 
volves Cu-catalyzed cross-coupling of alkenylboronic acids with «a,f-unsaturated 
ketoxime-N-pentafluorobenzoates 179 followed by cyclization and air oxidation [128]: 


(1) Cu(OAc), 


O Pip mol. sieves R3 
x 3 (2) air NS 
No + HOB 7 ull ps 
ieee R R 
179 ; RF 180 
Pfp = F A 
are eee Op | 2H 
: — (HO),B-OCO-Pfp F F 
H as 
nase?” N7 
pan [SSeS SSS SSeS SSS SSeS SSS ease SSS > SN 
R! kA R2 R! H R2 
181 182 


The cross-coupling reaction of the ketoxime ester 179 with the alkenylboronic acid 
leads to the 3-azahexa-1,3,5-triene 181; 6m-electrocyclization of the triene 181 affords the 
3,4-dihydropyridine 182, whose dehydrogenation by O2 aromatizes to the pyridine 180. 
Notably, this approach allows flexible control over the substitution pattern of the pyridine 
system to be synthesized. 

(7) As predicted by retrosynthesis, a number of pyridine syntheses utilize cycloaddition 
reactions, which often are mediated by transition metal catalysis. 

(a) Ina Co(I)-catalyzed (2 + 2 + 2)-co-cyclooligomerization [129], two molecules of acety- 
lene combine with nitriles in practically quantitative yield to give 2-substituted pyridines 
(BONNEMANN synthesis) [130]. The competing trimerization of acetylene to benzene can 
be suppressed by an excess of nitrile: 


n S . _ Coll), 130°C 130 °C CL. 
+ - 
ne R= aia vinyl, phenyl 
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With terminal alkynes, a mixture of 2,3,6- and 2,4,6-trisubstituted pyridines is ob- 
tained, in which the symmetrical products 183 predominate. Likewise, a,w-diynes 
can take part in this cycloaddition; for instance, octa-1,7-diyne (184) affords the 
5,6,7,8-tetrahydroisoquinoline 185 with nitriles: 


NEON. ar . Cc lopentadienyl 
= 
= WN (Cp = cyclopentadienyl) 


184 185 


Z2=0- 


As a mechanism for this nitrile-alkyne co-oligomerization, it is assumed that a catalytic 
cycle involving the metallacyclopentadienes 186 and 187 operates for pyridine formation 


[131]: 
CpCo(I)« ||| 
ll |i 
CpCo(() Cp-Cé — ll, O 
= 
(main product) Cp. 7S 186 (side product) 
! 0 ; 
NN ar = + R-C=N 
— y 
N R ao 187 


(b) The BONNEMANN protocol has been further developed, as shown by a highly regios- 
elective one-pot synthesis of metalated pyridines 188 from two different acetylenes, a 
nitrile, and a low-valent Ti reagent (Ti(II)alkoxide) [132], for example: 


CONEt, 
OC-NEty TUOPN, ai 
| l 2 iPrMgCl fl SN 
Tos—C=N a 
Il + | + A~TIX,Y 
R' R? R2 
TG fiery 2 Sea) 
ra E-x' |-TiX,X', 
Y x x 
i \ 
CONEt» i 1 Ti CONEt CONEt» 
Rt AIM, OY 
F\_ LX | SN SN 
Oe = Y | S 
RF? Tos ~ 
R2 R2 
189 190 191 


Pyridine formation is interpreted by primary formation of a titanacyclopentadiene 189 
from the two acetylenes and the Ti reagent, subsequent (4 + 2)-cycloaddition of 189 with 
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the nitrile, and transformation of the titana-azanorbornadiene 190 to the w-titanated pyri- 
dine 188, which enables further transformations with electrophilic reagents (protonation, 
iodination, allylation, M1cHazL additions) to afford functionalized pyridines 191. 
(c) (4+ 2)-Cycloadditions are of considerable relevance for pyridine synthesis [133]. 
The pyridine nitrogen is introduced either via the diene component (1- or 2-azadienes, 
oxazoles (cf. p. 170)) or via the dienophile (activated imine or nitrile). 

For instance, a,h-unsaturated N-phenylaldimines react as 1-azadienes with maleic acid, 
affording tetrahydropyridines, for example, 192: 


R R 
Z COOH COOH 
. 7 fC = f 
N COOH N COOH 
Ph Ph 

192 


Thermal isomerization of amino-substituted 2H-azirines (e.g., 193 — 194) results in 
the formation of 2-azadienes. These react with activated alkynes, for example, with 
acetylenedicarboxylic ester (ADE) in a hetero-DrE1s-ALDER reaction to give dihydropy- 
ridines (e.g., 195), which aromatize by amine elimination to give pyridine-3 ,4-dicarboxylic 


esters (e.g., 196): 


—HN(CH,)? 


Imines with acceptor substituents, for example, the N-tosylimine of glyoxylic ester 
197, add to 1,3-dienes to produce tetrahydropyridines (e.g., 198 with 2,3-dimehylbuta- 
1,3-diene). Elimination of sulfinic acid, saponification, and dehydrogenation lead to 
pyridine-2-carboxylic acids (e.g., 199): 
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CH, 
(1) OH”, —- HTos 
nee CH, ROOC Cha yon CHa 
N * — n_! ——— 2 
Tos” cu, Tos” CHg HOOC~ ~N 
197 198 199 


The weakly dienophilic C=N bond of nitriles undergoes a (4 + 2)-cycloaddition with 
conventional 1,3-dienes only under harsh conditions and when activated by strong accep- 
tor substituents. For instance, benzonitrile and tetraphenylcyclopentadienone give rise to 
pentaphenylpyridine by way of the bicyclic intermediate 200 followed by decarbonylation. 
Trifluoroacetonitrile and buta-1,3-diene afford 2-trifluoromethylpyridine after thermal 
dehydrogenation of the initially formed dihydropyridine: 


Ph 
Ph ji io 7 Ph Ph 
0 + & __ 300°C Ph i Ph =e | (80%) 
il lS eos : 
Ph N N Ph~ ~N* ~Ph 
Ph oh Ph 
200 
CF3 400 °C 
I ; “A A Ss 
C Z fi gas phase eo CO. (100%) 
S N N CF, —H, N CF 


(8) Pyridine synthesis via ring transformations 


(a) Furans 201 with an acyl- or carboxylic acid functionality in the 2-position are 
converted to 2-substituted 3-hydroxypyridines 203 by reaction with NH; in the presence 
of ammonium salts, presumably via 5-aminodienal intermediates 202: 


On OH 
R NH3, NH,* “A S 
Noe SL -H,O | Zs 
i O7 H,N* >R 7 N*~R 
201 202 203 


An elegant sequence leads from 5-alkylfuran-2-carboxylic esters 204 to 6-substituted 
3-hydroxy-pyridines 210. It proceeds by an electrolytic 1,4-methoxylation of the furan sys- 
tem giving 205, followed by reduction of the corresponding carboxylic amide with LiAlH,4 
to the amine 206 and its acid-catalyzed ring enlargement (probably via 5-aminodienone 
210) to give the 3-hydroxypyridine 209. The THF 208, obtained by hydrogenation of 
the intermediate 205, on treatment with aqueous acid furnishes the 3-hydroxypyridone 
207 [134]: 
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electrolysis, " NH 
nf __GHOH | Rf \,CoocH, (2) LiAIH, ee oe 
COOCHs 85%  HxCO” YO” “OCH, O° OCH, 
204 205 206 
H,O 
Hp, Raney Ni | HCl | —2CH,0H 
OH (1) NHg OH 
S (2) H,O, H* S OH 
Lolo tecmen Kom AT | OL 
R N ) R=H: 94% H3C O° ‘COOCH; R” ~N -H,0 |R“No NH 
207 208 209 210 


The ring enlargement of pyrroles providing 3-chloropyridines has already been 
described (cf. p. 116). Oxazoles react as masked 2-azadienes with alkenes to yield 
pyridine derivatives of various types (cf. p. 170). 

Diazines and triazines undergo Dizts-ALDER reactions with inverse electron demand 
with enamines and ynamines to give pyridines, as shown by the enamine cycloaddition 
of 1,2,4-triazine (211): 


7 N Nn 5 __ CHCl, 45°C a: 

ll 

NaN NS N\A 
211 


By ring contraction, various diazepines can be transformed to pyridines. For instance, 
thermolysis of 1-ethoxycarbonyl-4-methyl-1H-1,2-diazepine (212) leads to 4-methyl- 
pyridyl-2-carbamate (214) by undergoing valence isomerization to diazanorcaradiene 
213 followed by N-N cleavage with aromatization. In contrast, sodium ethoxide opens 
the seven-membered ring of 212 leading to the (Z,Z)-cyanodiene 215, which undergoes 
base-induced recyclization to 2-amino-3-methylpyridine (216) with concomitant cleavage 
of the urethane functionality [135]: 


N 
= S 
NH-COOEt 
212 tS GOCE NOE, i 
H3C =N N° “NH 


215 216 


Pyridine, mp —42°C, bp 115°C, is a colorless, water-miscible liquid of an amine-like [| 
odor. Pyridine is poisonous, and inhalation of its vapor causes damage to the nervous 
system. It is a weak base (pK, = 5.20, cf. aliphatic amine pK, ~ 10, aniline pK, = 4.58). 
Pyridine, as well as picolines and lutidines, are constituents of coal-tar and bone-oil. 
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Nicotinic acid (pyridine-3-carboxylic acid), mp 236°C, was first obtained by oxida- 
tion of the alkaloid nicotine by KMnOy,. It is produced commercially from 5-ethyl- 
2-methylpyridine (see p. 366). Nicotinic acid and its amide belong to the B group of 
vitamins (vitamin B;). The daily requirement of an adult is about 20mg. Deficiency of 
nicotinic acid causes pellagra, a skin disease. 

Pyridine-3-carboxamide (nicotinamide, niacin), mp 130°C, is commercially produced 
by ammoxidation of 3-picoline, followed by partial hydrolysis of the intermediate 
3-cyanopyridine: 


oO 
NH,, ©, 
yo Cs __catalyst_ oN Re a H,0 S NH> 
| i 


N N 


The pyridine alkaloids nicotine (217, R = CH3), nornicotine (217, R = H), nicotyrine 
(218), and anabasine (219) are some of the natural products derived from pyridine [136]: 


pi \ / \ ie 
Sse" ON | Sv N | Syn CN 
I 
| 2 R Nn CH, NZ H 
217 218 219 


Pyridoxol (220, pyridoxine, 3-hydroxy-4,5-bis(hydroxymethyl)-2-methylpyridine, vita- 
min Be) was formerly known as adermine (KUHN, 1938) because vitamin Bg deficiency 
causes skin diseases in animals. Pyridoxal (221, R= CHO) and pyridoxamine (221, 
R = CH) NH)) also belong to the vitamin B group. Pyridoxal phosphate (222) is 
a coenzyme for many of the enzymes involved in the metabolism of amino acids. 
Nicotinamide adenine dinucleotide (223, NAD*, reduced form NADH) is a component 
of oxidoreductases (cf. p. 367). 

Betalaines are cyanine-related dyes with terminal tetrahydropyridine groups. They 
occur only rarely as glycosides in higher plants (Caryophyllales family). For instance, the 
dye present in beetroot contains the aglycon betanidin (224). 


CH,OH R Hz? 0 
HO. CH,OH HO. _CH,OH HO. A _ch,-0-P-0H 
bs ~~ Le OH 
H3C7 >N H3C~ ~N HsC~ ~N 
220 221 222 
HO 
S NH HO N® 


HO OH 223 HO OH 224 HOOC N COOH 


6.14 Pyridine | 379 


Pyridine derivatives are important as pharmaceuticals. Nicotinic acid derivatives are 
used as vasodilators, anticoagulants, and hypolipidemic agents. Derivatives of isonicotinic 
acid (pyridine-4-carboxylic acid) such as isoniazide (225) and ethionamide (226) are used 
as tuberculostatics, and that of 2-benzylpyridine in the form of pheniramine (227) as 
antihistamine. 

Nifedipine (228) and other related 1,4-dihydropyridines are important as antihyper- 
tensive agents (Ca antagonists). They are prepared by a classical HANTzscH synthesis 
from acetoacetic ester, arylaldehyde, and NH; (cf. p. 371). Sulfapyridine (229) was one 
of the first sulfonamide antibacterial agents to be used. Cerivastatin (230, Lipobay), 
a powerful HMG-CoA reductase inhibitor, has been applied for treatment of primary 
hypercholesteremia types Ha and b. 


N N° *CH,CH3 H’ “CN 
225 226 F 227 
NH 
O,N 
H OH OH O 
H,COOC COOCH © © 
H3C N CHs N7 n-S02 SN 
H H 
228 229 230 


Other pyridine derivatives with biological activity are the herbicides paraquat and 
diquat (see p. 368). 
Pyridines are widely used as building blocks and as intermediates in synthetic transfor- LE] 
mations. 


(1) Pyridinium ions with acceptor substituents, for example, N-(2,4-dinitrophenyl) 
pyridinium salts 231 (cf. p. 356), are converted to pentamethine cyanines 232 
(K6n1c’s salts) by ring-opening with secondary amines. Cyanines 232 condense with 
Na-cyclopentadienide to yield vinylogous aminofulvenes 233, which on cyclization afford 
azulene (ZIEGLER/HAFNER azulene synthesis, cf. p. 304) [137]: 


S ‘R! ic) 2 R? 

| terN ee i . i TO) Ow 

ie ——————___> a NS ARAN “RI 
Ar X —HoN-Ar —Nax 233 


; 
231 232 -Hn7R 


-R! 
(Ar = 2,4-dinitrophenyl) R fees 
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(2) N-Alkylpyridinium salts with a leaving group in 2-position (MUKAIYAMA reagents, 


e.g., 234) promote esterification of carboxylic acids with alcohols as well as lactone 
formation of hydroxy acids in basic medium [138], for example: 


O ° 
S Et,N, 20°C S O 
+ AK + R-on OY 


N@ Cl O-R' 
CH, © D ae CH3 y 
234 Y 235 
O \ . 
O © 
| + AK © | + R'—OH | a 
= é 
eee oN osn rs — mg oer 237 
aad CH3 236 CH3 = O-R' 


2-Acyloxypyridinium ions 236 are formed as intermediates from 234 by an SyAr 
reaction with carboxylate. In 236, the acyloxy group is activated and transferable to 
suitable nucleophiles, for example, to alcohols (as shown above) with formation of 
esters, analogously to primary and secondary amines with formation of amides. The 
potentiality of 1-methyl-2-pyridone (235) as a leaving group (situation 237) is essential in 
this transacylation process. 
(3) N-Benzylpyridinium salts 238 condense with 4-nitroso-N, N-dimethylaniline to form 
nitrones 240 (via intermediate 239), which can be hydrolyzed to aldehydes (KROHNKE 


reaction): 
S e Ar—-N=O i; ai Ht,H,o  Ar=CH=O 
Gos mine? - (3 240 Ar?—NH-OH 
238 H Ae 
Ar' = aryl, hetaryl 239 


The required pyridinium salts can be obtained by the Ktnc-OrToLeva reaction ((het- 
ero)benzylation of pyridine with a methyl(hetero)arene mediated by Iz), as shown by the 
synthesis of benzothiazole-2-carbaldehyde (241) from 2-methylbenzothiazol [139]: 


S ab rs (1) Ar—N=O S 
Or 2. a5 BEI Oe 
N N 


-HI a © > 
- 80% 241 


In the KROHNKE reaction, the pyridine system serves as vehicle for the conversion CH; 
— CH=O of methyl groups in arenes or heteroarenes [140]. 
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2-Pyridone (1, pyridin-2(1H)-one) and 4-pyridone (2, pyridin-4(1H)-one) are tautomeric 
with the corresponding 2- and 4-hydroxypyridines, respectively: 


OH 6 
Cl, = .|a- O;o- oe 
led 2 I, al 
N H 
1 


: 3 


Structural investigation of the pyridones indicates that the keto form predominates in 
the solid phase and the hydroxy form in the gaseous state. The keto form is also favored 
in most solvents by solvation, except in petroleum ether at high dilution. 

3-Hydroxypyridine is in equilibrium with a 3-oxidopyridinium betaine structure 3 
depending on the solvent (see [141] concerning the pyridone-hydroxypyridine equili- 
brium). 

2- and 4-Pyridone show the following 'H and C-NMR data. They confirm that 2- and 
4-pyridone have to be regarded as 1-delocalized systems with aromatic character. 


1H NMR (CDCIs): 5 (ppm) 13¢ NMR (DMSO-de): 5 (ppm) 

2-Pyridone H-3: 6.60 H-5: 6.60 C-2: 162.3 C-3: 119.8 C-4: 140.8 
H-4: 7.30 H-6: 7.23 C-5: 104.8 C-6: 135.2 

4-Pyridone H-2/H-6: 7.98 C-2/C-6: 139.8 C-3/C-5: 115.9 
H-3/H-5: 6.63 C-4: 175.7 


2- and 4-Pyridone are weak acids (pK, © 11). Deprotonation in a basic medium produces 
ambident anions which can be attacked by electrophiles on O, N, and C. 


(1) For instance, the anion 5, derived from 2-pyridone, undergoes acylation by acid 
chlorides on oxygen with ester formation 4, while carboxylation by CO2 occurs on C-5 
with formation of the carboxylic acid 6: 


9 % HOOG. 
S (e) Ph Ss +H* ! S H co Ss 
Citi, oS (OL | Se CO 
N Oo Ph N’76°0 —~Ht ‘ *N Oo! Oo 


S Ss 
Cie fh [ . a 
N* oR eo ig ee 
R 


N* ~O~™~Ph 
R=CH, 5 : 95 X=Br,Agt,PhH 100 : gra 
R=CoHs 31 : 69 X= Br, Agt, DMF 46 54 


R=CH(CHs)> 67 ~:~ ~=—33 X=Br,Nat,DMF 2 > 89 
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Alkylation of the anion 5 depends on the solvent, on the counterion, and on the 
spatial demand of the alkylating agent: a nonpolar medium, Ag ions, and a large spatial 
requirement favor O-alkylation, whereas Na or K ions and a small spatial requirement 
favor N-alkylation, as shown by the following examples [142]. 

Selective N-methylation of 2-pyridones can be effected indirectly, namely via the 
exclusively O-directed silylation: N-methylation of the silyl ether 7, followed by desilylation 
of 8, leads to 1-methyl-2-pyridone 9. Selective N-alkylation is also observed with dialkyl 
phosphates [143]. 

(2-Benzyloxy)-2-pyridones 10, available from SyAr reaction of 2-chloropyridine with 
benzylates, are readily isomerized to N-benzyl-2-pyridones 11 by Lil-promoted O +> N 
migration [144]. 


Si i- = — 
Nemo oS N“So 
I- Kiama 
— = CH, 7 CH3 ° Si CH3 9 
~ Ar~OH, ~ CL 
| KO?Bu CO Lil, A 780 
> Zz > 
N* cl N7o7™ar 
10 11 “Ar 


SpAr reactions (halogenation, nitration, sulfonation) with 2- and 4-pyridones occur in 
the 3- and/or 5-positions more readily than in pyridine. 

Acid chlorides and anhydrides, as well as POCI; or PCls, attack as electrophiles at the 
2-pyridone oxygen; thus, a leaving group is created in the 2-position of a pyridinium ion 
12, which undergoes an SyAr process by halogenide to give 2-chloropyridines: 


H 
~~ 2 
S PCI R-||— | Cly fo Ss Raney-Ni p_f s 
Bel —*] nz oi BSc (1) - POCI Re ye 
- 3 N H 
N“So ae Saale eee N7 cl 
ci 


Since 2-chloropyridines are readily dehalogenated by reduction, for example, by 
H2/Raney-Ni, the above sequence allows the conversion of 2-pyridones into pyridines. 
(2) 2-Pyridones may serve as diene components in (4+ 2)-cycloadditions. The 
Diets-ALDER reaction with activated alkenes or alkynes leads to derivatives of 
2-azabicyclo[2.2.2]octa-5,7-dien-3-one 13 by the addition of acetylenedicarboxylate to 
1,4,6-trimethyl-2-pyridone (14), as shown below [145]: 


O 
CHs COOCH, Te 
S A 3 N 
ane e + il HC ~-COocH, 14 
: Ra COOCHs 
CHg Hs ‘COOCH, 


6.15 Pyridones | 383 


The mesoionic 3-oxido-N-alkylpyridinium betaine 15 — whose electronic description 
formally corresponds to that of 1,3-dipoles a/b — undergoes cycloadditions with activated 
alkynes and alkenes. Thus, phenylacetylene (and analogously acrylate) adds via C-2/C-6 to 
give 8-azabicyclo[3.2.1Joctane derivatives 16. In contrast, dimethyl acetylenedicarboxylate 
adds via O/C-2 to give as primary product the furo-1,2-dihydropyridine 17, which 
subsequently is converted to the furan derivative 18 by 61-electrocyclic N/C-2 opening of 
the dihydropyridine ring [146]: 


6 6 
es l 4 | ade 
a. I 
Rb) 
COOCH, 


may | » Naeo0e—= 
CH, 0 R O._coocH 
N ‘S "NANZ 3 
ee 4 16 N 18 


5 Gooch, 17 COOCH 


On irradiation in dilute solution, N-alkyl- and N-aryl-2-pyridones are converted 
into Dewar pyridones (2-azabicyclo[2.2.0]hex-5-en-3-ones), for example, 4,6-dimethyl- 
1-phenyl-2-pyridone (19) to product 20: 


CHs 
hv H3C CH; 
S benzene yh? 
19 | ———_——_— ‘j 20 
HyC~ ~N7 SO sia 
Ph 


Apart from this intramolecular photoelectrocyclization, intermolecular photodimeriza- 
tion may also occur, for example, of 1-methyl-2-pyridone to 21: 


O 
hv 
S H,O JA). N7-CH3 
Ch —> 21 
N Oo 3C-/-N \Y 
CHg 
oO 


Retrosynthesis of 2-pyridones via routes a and b suggests 8-dicarbonyl compounds 22 or 
B-substituted acrylic acids 23 as building blocks for their synthesis [147]. 
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S 

— ae st 23 (X= OH, OR, Hal) 
These 1,3-biselectrophiles have to be linked by cyclization to activated methyl or 

methylene moieties or to enamines. 


(1) Base-catalyzed cyclocondensation of 1,3-diketones with cyanoacetamide gives rise 
to 3-cyanopyridones 25 (GUARESCHI synthesis): 


R R R 
7 CN - pasa LCN KCN 
ee ee —ao” 
R7So H,N~ SO 8 R® SO H,N* SO : R~ ~N~ So 
j H 


With unsymmetrical 1,3-diketones, the reactivity of the carbonyl groups determines 
the outcome of the reaction, which proceeds via an initial KNOEVENAGEL condensation 
(— 24). Thus, the diketoester 26 yields exclusively the cyanopyridone 27, because the 
primary condensation step proceeds via the more electrophilic C=O group adjacent to 
the ester function: 


CN 
oo HNSo ae 
O piperidine, ELOH S 
26 a ESTs | 27 


fe) N7SO 
y- ; 


Likewise, B-keto aldehydes, malonaldehyde, acetylene ketones, and a-acyl ketone- 
S,S-acetals can be employed for the GuarEscui synthesis [148]. 
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(2) Cycloaddition of aroyl isocyanates and trimethylsilyl ketene generates 4- 
trimethylsilyloxy-1,3-oxazin-6-ones 28 in situ, which smoothly react with cycloalkanone 
enamines to give 3,4-cycloalkeno-2-pyridones 29 [149]: 


0 NR', (CHe)n 
R-C-N=C=O ie chan) 2 
| 
+ 
Me3SiO A, -CO O7 “N” ~R 
Me3;Si-CH=C=O —HNR', 4 29 


Bicyclic 2-pyridone-3-carboxylates 30 result from the SnCl,-promoted cyclocondensa- 
tion of B-enamino nitriles with malonates [150]: 


Nbig yom Va R' NH, 
POCR. “odor CN coor L-CooR 
(CH,)n | > (C dn | (CH,) | 
_ re NH,  ~ROH N*>R' 
af + SnCl, 31 


In contrast, B-ketoesters lead to 5,6-cycloalkeno-4-aminopyridine-3-carboxylates 
31 [151, 152]. 
(3) The synthesis of 4-pyridones [153] proceeds (according to their retroanalysis) by 
cyclocondensation of 1,3,5-tricarbonyl compounds 32 or their 1,5-bisenolethers 33 with 
ammonia or primary amines: 


O 
> 
H3C* SO O7 “CH, ~2H,0 N 
R 
0 
eC Ny ia aia 
| | 
| "2 HOE 


N 
H 


Cyclocondensation of dianions of B-dicarbonyl compounds 34 with nitriles offers a 
possibility for the formation of asymmetrically 2,6-disubstituted 4-pyridones 35, for 
example: 
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° + R-CEN 
L 2 NaNH, fl S +2Ht* | | 
————$——— —— 
o oe -H,0 mf P 
34 35 
(1) addition 
(Q)+H* + 1 (1) +H 
Y | (2) -H,O 
Y 
O O 
Eh, oo P ict 
ON R FA 
“2 19 N7~R 


Finally, 4-pyridones are also obtained from 2-azadienes of type 36 and 
1,1-carbonyldiimidazole in the presence of BF3-etherate in a [5 + 1] heterocyclization 
[154]: 


ae 
Ps 
“a 
o 
aN, 
} 
Y 
Rox 
za 
A 
Q | R 
Zz D. 
» 
Zz 
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N 
S - l \ F \—_/ 7 li Dy 
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SN N 
Re H 38 H 
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Cyclization presumably occurs in the course of a twofold acylation of the tautomeric 
enamine 37 via the intermediate 38. The azadienes 36 are easily accessible [155]. 
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The topology of pyridine allows three benzene-annulated products, namely 
quinolizinium ion (1, benzofa|pyridinium ion), quinoline (2, benzo[b]pyridine), and 
isoquinoline (3, benzo[c|pyridine): 


6.16 Quinoline 


The neutral systems 2 and 3 will be discussed first. 
Quinoline is formally derived from naphthalene by replacement of one of its a-CH 
groups by nitrogen. 2- and 4-Methylquinoline (quinaldine and lepidine), 2-quinolone 
(carbostyril), 4-quinolone, and the quinolinium ion are important derivatives of quinoline. 


CHg O 
Ce} Cod co COumCe 
©) sa Zs Zs 
N N7 SCH N Nv *O N 
N 3 H H 


inolinium ion 2-methylquinolin 4-methylquinolin 2-quinolon P 
Breinemien ET quinalsine)— epidne) —(earbostyny, «= *auinolone 
Quinoline has many analogies with naphthalene and pyridine in its molecular geom- 
etry, its bond parameters and its spectral and energy data. The bond parameters cited 
below are the values found in the quinoline complex Ni[S2P(C2Hs)2](CoH7N). Their bond 
variation is comparable to that of naphthalene (C-1/C-2 136.1 pm, C-2/C-3 142.1 pm) 


(see Figure 6.11). 


135, NU45 139A _138 141.5 136.1 
720.5 Tias ; ; 
120.1 117.7] 119.1 120.4 Comparison with Vag 
141 144 ‘ i 
420.9 119.7)120.5 121.4 naphthalene: 
421.0 


136 £59 138 N’ 133 
Figure 6.11 Bond parameters of quinoline (bond lengths in pm, bond angles in degrees). 


Quinoline is characterized by an empirical resonance energy AE, of 222 kJ mol”! and 
by a Dewar resonance energy of 137.7 kJ mol”', calculated by the SCF/MO method. The 
corresponding stabilization energies in naphthalene are AE, = 292 and 127.9 kJ mol | 
for the DEwar resonance energy. 

Quinoline shows the following UV and NMR spectral data, which correspond closely 
to those of naphthalene: 


UV (H20): A (nm) (e) 1H NMR (CDCls): 5 (ppm) 13¢ NMR (CDCI): 5 (ppm) 

226 (4.36) H-2:8.81 H-6: 7.43 C-2: 150.3 C-6:126.3 C-4a: 128.0 
275 (3.51) H-3: 7.26 H-7:7.61 C-3:120.8 C-7:129.2  C-8a: 148.1 
299 (3.46) H-4: 8.00 H-8: 8.05 C-4: 135.7. C-8: 129.3 

312 (3.52) H-5: 7.68 C-5: 127.6 

Compare with naphthalene: Hy: 7.66 Cy: 128.0  C-4a/C-8a: 133.7 

220 (5.01) —> 302 (3.50) He: 7.30 Cp: 126.0 

275 (3.93) > 310 (2.71) 

(heptane) 


For the reactions of quinoline, addition and substitution reactions are to be expected in 
view of its structural relationship to pyridine and naphthalene. In this context, it is of 
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interest to note how the annulated benzene ring influences the positional and relative 
reactivities of quinoline. 


(1) Reactions with electrophilic reagents 


(a) As in pyridine, protonation (formation of quinolinium salts with HX), alkylation and 
acylation (formation of N-alkyl- or N-acylpyridinium salts with R-X and R-CO-X), and 
N-oxidation (formation of N-oxides with peracids) occur at the N-atom. 

Electrophilic substitution reactions take place at the ring-C-atoms, preferentially on 

those of the more activated benzene moiety. The relative reactivities of the individual 
quinoline positions were determined for the acid-catalyzed H-D-exchange with D2SOx; 
this SpAr process proceeds via the quinolinium ion and with the positional selectivity 
C-8 > C-5/C-6 > C-7 > C-3 [156]. 
(b) Nitration of quinoline takes place—in contrast to pyridine (cf. p. 349) —with 
HNO3/H SOx, under mild conditions. Since the strongly acidic medium causes complete 
N-protonation, monosubstitution take place exclusively in the a-positions (C-5/C-8) of 
the benzene annuland (— products 4/5): 


5 HNO , H»SO, Nee NN 
~ 25°C ae , 
N z m 
8 N NO, 
4 (43%) 5 (47%) 


The following relative reactivity of quinoline compared to that of pyridine and naphtha- 

lene is observed on nitration: benzene =1, naphthalene ~10°, pyridinium ion ~10-”, 
quinolinium ion ~10~°, and for comparison, N,N,N-trimethylanilinium ion ~10-8. 
Thus, quinoline exhibits a higher S;Ar reactivity than pyridine. 
(c) Sulfonation of quinoline gives rise to different monosubstitution products depending 
on the reaction temperature. At a in oleum, the 8-sulfonic acid (6) is formed predom- 
inantly; raising the temperature increases the proportion of the 5-sulfonic acid (8), the 
sole product at 170°C in the presence of HgSO, (presumably due to steric hindrance of 
attack at the 8-position by N/Hg-coordination). At 300°C, the 6-sulfonic acid 7 is the sole 
product. On heating to 300°C, the a-sulfonic acids 6 and 8 are converted to the B-isomer 
7, which apparently is thermodynamically favored: 


5 30% oleum 
30% oleum 6 NN 170°C 
90°C HgSO, 
s 
N 


8 
30% oleum 
300 °C 


<__ 


> H3SO, HO,S H,SO,4 ao 
nN __300°C CO 300°C ce 
s 
SO3H N NZ 
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Thus, in its sulfonation behavior quinoline resembles naphthalene with respect to the 
kinetic and thermodynamic product control. 
(d) Halogenation of quinoline proceeds by various methods and mechanisms. For 
instance, bromination (Br2 in H)SO, in the presence of Ag,SO,) affords the 5- and 
8-monosubstituted (products 9/10 in the proportion ~1 : 1): 


5 Br,, H»SO, Br NN 
sa 
5 ~ON NZ Br 
9 10 


Reaction of Br, with the AICl;-complex of quinoline leads predominantly to the 
5-substitution product 9, presumably due to steric shielding of the 8-position by 
N-coordination; product 9 should be formed in an S;Ar process via quinolinium ion. 

However, if Br2 is reacted with quinoline in the presence of pyridine, 3-bromoquinoline 
(11) is obtained as the sole product. An addition/elimination mechanism with an initial 
N/C-2 addition of Bro is likely to be responsible for this anomalous product formation: 


Bry 
rae caeel 3 CCl,, pyridine N Br Bee eee 
@: » > (1) -H* 
+Br N NZ yee: 
Y 11 
i Br 
= Br S +Br 6) 
Ni re 7 i 
i) N 
3r Br Br es Br 
Br 


(2) Reactions with nucleophilic reagents 


As expected, nucleophilic substitution of quinoline occurs in the hetero ring, as a rule 
in the 2- or 4-position. SyAr processes (following an addition/elimination mechanism) 
proceed faster in quinoline than in pyridine, because the fused benzene ring stabilizes 
the addition products by conjugation. 


(a) CHICHIBABIN amination (cf. p. 352) of quinoline, proceeding with alkali amides 
in liquid ammonia, leads to a mixture of the 2- and 4-amino compounds 12/13; 
2-phenylquinoline yields the 4-amino compound: 


4 KNH, NH 
SS + 
Z2 zs 2 
N N° ~NH N 


ZIEGLER reaction (cf. p. 353) with organolithium compounds leads exclusively to 
2-alkyl- or 2-arylquinolines; for instance, n-butyllithium affords product 18. The primary 
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adducts (e.g., 14) yield after hydrolysis stable 1,2-dihydroquinolines (e.g., 15), which 
can be dehydrogenated by nitro compounds. Obviously, control of R-Li addition occurs 
through Li-N-coordination, because even 2-substituted quinolines (e.g., 16) yield mainly 
2-addition products (e.g., 17). 


CO —- CO as CO 
Za 
N° 2 N N 


(1) PhLi : 
= (2) H,0 = > 
s ————_—_— > Ph i zs 
N Ph N : N 
H Ph ' 
16 17 Y 18 


The formation of 2-quinolone from quinoline, which is brought about by treatment 
with alkali hydroxides at high temperature, can be formally regarded as an SyAr process 
with a hydride ion as leaving group: 


NaOH/KOH 


COI — Cro. 
Ee 
NZ 2 N re) 


In the presence of leaving groups, for example, halogen, in the 2- and 4-position of 
quinoline, SyAr reactions take place very readily (as in pyridine, cf. p. 352). 
(b) Nucleophilic addition to quinoline is considerably favored when the N-atom is 
quaternized by alkylation, acylation, or sulfonylation. 

For instance, cyanide adds to the 4-position in N-methylquinolinium iodide; the adduct 
19 can be oxidized with N-demethylation to give 4-cyanoquinoline (20): 


CN 
4 Ben oxidation 
S KCN ee A S 
sag, l __ Ay 
of -KI 2 
ye | N N 
CHs 19 CHs 20 


Quinoline adds cyanide (as KCN or (CH3)3SiCN) at the 2-position in the pres- 
ence of acylating agents, usually C;HsCOCl or CICOOR; products are N-acyl-2- 
cyano-1,2-dihydroquinolines 22 formed via N-acylchinolinium salts 21 as intermediates 
(REISSERT reaction): 
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Ss + RCOCI Ss ctu SS 
cs (S) cs iS) H 
7 9 -Cl 
N Cl N Cc N CN 
O7 ~R O” ~R 
21 22 


The REIsserT reaction of quinoline with Me3SiCN/RCOC] can be conducted 
in an enantioselective fashion in the presence of a chiral BINAP-based (2,2’- 
bis(diphenylphosphino)-1,1’-binaphthyl) catalyst to give enantiomeric nitriles of type 22 
[157]. The synthetic potential of the REIssERT reaction will be discussed in detail together 
with the corresponding isoquinoline derivatives (cf. p. 409). 

Ethinylation of quinoline by reaction with terminal alkynes and chloroformates in the 
presence of DIPEA and Cul proceeds in analogy to the REIssERT reaction [94, 158]. 

Quinoline- N-oxide reacts with KCN/benzoyl chloride to afford 2-cyanoquinoline (23): 


KCN 
S PhCOCI S 
@y Z 23 
N N*~CN 
me) 
i ce, A 
+ PhCOCI y | — PhCOOH 
. Cr 
ie) i) H 
N7 cl +CN NV 
OL Ph | a {O_ Ph 
T -cl T 
24 O 2 O 


In this a-substitution/deoxygenation process, O-acylation of the N-oxide is likely to 
occur in the first step (— 24), followed by C-2 addition of cyanide (25) and elimination 
of benzoic acid (25 — 23). 


(3) Metal-promoted reactions 


(a) Like in pyridines (cf. p. 353), metalation of quinolines is facilitated and directed by 
an adjacent halogen or alkoxy substituent. 

This is illustrated by the lithiation of 2-chloroquinoline with nBuLi, which occurs at 
low temperature at C-3; the resulting 3-lithio compound 26 can be trapped, for example, 
by the reaction with trimethylborate (— 27), and then utilized for the introduction of an 
OH group by oxidation with H,O2, (27 — 28) [159]: 


(1) B(OMe), 


— Sr Lani BO A ANS 
COE eG Neegr 60 
N Cl N Cl N Cl N 
26 27 28 
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(b) A series of preparatively versatile, successive, and regioselective magnesiations as 
well as halogen/Mg exchange reactions at the quinoline system have been accomplished 
by the application of recently developed magnesium reagents [160]. 

Thus, 3-bromoquinoline is metalated by TMP-MgCl x LiCl selectively at the 2-position; 
the magnesiation product 29 is further functionalized (i) by bromination to give 
2,3-dibromoquinoline (30), (ii) by 3-selective halogen-Mg exchange with iPrMgCl x LiCl 
and trapping with NC—COOEt (30 — 33), and (iii) by regioselective 4-magnesiation with 
TMP-MgCl x LiCl followed by acylation in the presence of CuCN x 2LiCl: 


NN Br TMP-Mg-Cl x LiCl + Br He ~~ Br 
Ig -20°C - A | - 
Nv oss, N* ~MgCl F N* ~Br 
: 29 0 30 
TMP =— 
Jo 
COrBu (1) TMP-Mg-Cl x LiCl Y COOEt 
NN COOEt (2) CuCN x 2 HCI NN COOEt CN NN MgCl 
| (3) tBuCOCI | ———— | 
Zs ~< Z i ZF 
eee (ii) N* “Br (ii) N* Br 
31 32 33 


Furthermore, 2,3,4-tribromoquinoline undergoes selective halogen/Mg exchange of Br 
at C-3 with the sterically demanding Mg reagent MsMgCl x LiCl, followed by benzylation 
to give 34; a second Br/Mg exchange with concomitant quenching with PhSO2SCH; 
leads to functionalization at C-4 (— 36), a third Br-Mg exchange and subsequent trapping 
with bromomethacrylate to functionalization at C-2 (+ 35): 


Br 

) Ms-Mg-Cl x HCI 

Ph~ cl N*™Br ~60°C 
34 


(2) PhSO,SCH, 


SCH; 


H 
(1) Ms-Mg-Cl x LiCl, 0 °C ik 
(2) CuCN x 2 LiCl ocr 
(3) ee One 
35 COOEt 


In summary, selective halogen/metal exchange allows the consecutive introduction 
of three different functionalities by electrophilic trapping reactions in the quinoline 
positions 2, 3, and 4. 


(4) Side-chain reactivity 


CH; groups attached to the heterocyclic part of quinoline possess C—H-acidity, which 
decreases in the order 4-CH3; > 2-CH3 >> 3-CH3. Thus, 2- and 4-methylquinoline, in 
analogy to the corresponding pyridine compounds (cf. p. 358), undergo base or acid 
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catalyzed C-C forming condensation reactions such as aldol condensation (e.g., 38), 
CLaIsEN condensation (e.g., 37 and 40), or MANNICH reactions (e.g., 39): 


Et 
N7 ? (COOEt), PhCHO N77 \#H*Ph 
37. —O Neote oa aoe - 
on | on 
Cn ce |} CHs | 


: an So 
aie & ese 


2,4-Dimethylquinoline (42) undergoes regioselective C-C condensations which are 
controlled by the nature of the base. Lithium alkyls coordinate to quinoline nitrogen and 
preferentially deprotonate the 2-CH3 group, whereas lithium dialkylamides complex the 
lithium preferentially with the amide nitrogen resulting in deprotonation of the more 
acidic 4-CH; group [161]. The anions formed by CH; deprotonation can be trapped by 
addition to benzophenone (— 41/43). 


(1) LDA 
Sy Ph De Same (2) PhgCO S 
: ou PHC 
N SCH, N* SCH, 
41 43 


N-Quaternization increases the C—H-acidity of the 2- and 4-CH3 groups in quinoline 
even further. The ‘‘anhydrobases”’ formed after deprotonation (e.g., 44) are usually stable 
and, as enamines, subject to electrophilic attack on the CH) group (e.g., alkylation 
44> 45): 


KOH 
— eG S PhCH, S 
—————S 
sa <>— 
N* CH, - N“SCH, =H N7SPh 
1) Et Et Et 
44 45 


The same reaction principles apply to the formation of cyanine dyes with heterocyclic 
terminal groups, which play an important part as sensitizers in color photography. An 
example is pinacyanol (47), obtained by base-catalyzed condensation of orthoformic ester 
with two moles of N-ethyl-2-methyl-quinolinium iodide (46) via the anhydrobase 44 (for 
the mechanism of formation, cf. p. 210): 


Ciel. eae S aa 

2 + HC(OEt) @ BS 
iC) 3 oC) 

7 CH ell NZ PG N 


ig e — 3 HOEt \O ke. a 


2 
46 47 
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(5) Oxidation and reduction 


Oxidation may occur at both rings of the quinoline system. Alkaline permanganate causes 
oxidative cleavage of the benzene ring in quinoline and 2-substituted quinolines to give 
pyridine-2,3-dicarboxylic acid 48 (R=H: quinolinic acid). In contrast, acidic permanganate 
oxidizes the pyridine ring with formation of N-acylanthranilic acid 49: 


HOOC._z KMnQ, ~ KMnO, COOH 
| alkaline acid 
we —<——_- Zz <6 _CO-R 
HOOC N° ~R N R N 
48 49 H 


Alkylquinolines are oxidized with dichromate/H2SO, providing the corresponding 
quinolinecarboxylic acids. SeO2 oxidizes 2- and 4-methyl groups in quinoline to formyl 
groups. This side-chain functionalization can be effected regioselectively, for example, 
2,3,8-trimethylquinoline (50) is oxidized to the aldehyde 51 [162]: 


Sera ; SeO, Sb 
Be SS 
N* “cH, N*~ ~CH=0 
CH; 50 CH3 51 


Reduction of quinoline by hydrogenation at high temperature and pressure catalyzed 
by Raney nickel leads to the decahydro system 54 (cis/trans mixture). At atmospheric 
pressure, only the pyridine moiety is affected, yielding 1,2,3,4-tetrahydroquinoline 53 
[163]. Selective hydrogenation of the benzene ring giving 5,6,7,8-tetrahydroquinoline 52 
occurs in CF;COOH with PtO) as catalyst. 


NN Hp/PtO, NN H,/Ni 

| : CF,;COOH 2 210°C 
N N N 
H 


= | 210 °C, 70 bar 53 
H H 
2~N N 
AA 54 HH 


Quinoline is reduced by LiAlH, or diethylaluminum hydride giving rise to 
1,2-dihydroquinoline (presumably with N-coordination and hydride transfer to the 
2-position) and by Li or Na in liquid NH; giving rise to 1,4-dihydroquinoline: 


HH 

Li or Na 

‘S LiAIH, or Et,AIH ‘S liq. NH 
; ee 3) es | 
N N N 
H H H 


On treatment with zinc in acetic anhydride, quinoline is readily transformed to the 
polycyclic product 56 showing a pentacyclic quinobenzazepine skeleton. This formal 
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reductive dimerization process is likely to be initiated by SET to the N-acetylchinolinium 
intermediate 55 followed by radical dimerization via 4-position [164]. 


~ Ac,O S +4H* " 
s Zs —_> 
N N® ——__> @ 
AcO® oaN —2HOAc 7 


Quinaldine was found to undergo a similar reductive dimerization with Zn/acetic acid 
[165]. 
The retrosynthesis of quinoline (see Figure 6.12) can be conducted in analogy to pyridine 
(cf. p. 368). 


¢ Disconnection at the imino functionality leads to the o-aminocinnamic aldehyde 57 or 
its reduction product 58 as starting materials for a cyclocondensation. The aldehyde 58 
may also result from the 1,4-dihydroquinoline 59 (retrosynthetic operation a—d). 

« The FGI’s e/f lead to the dihydroquinolines 61 and 62. For 62, a synthesis involving a 
cyclizing addition (situation 60) of alkynes to N-phenylimines is retroanalytically relevant. 
Further retroanalysis of 61 and 62 (operations h and i) suggests intermediates which, 
after disconnection at the C-4/benzene ring (j and k), allow an SgAr cyclization realizable 
via aniline derivatives 63 and 64 with an electrophilic center (C-X, C=O) in the y-position 
to nitrogen. 


H 
N +2H +H,O 
O O 2 
ont => OCP 25 O00» 
2 NH> N 
H 
+H,O0 +2H 
Were ey ‘ d S 
S| +, 60 
N~ 


a 
eho Nv +2H 
OOr x ‘ [Js 
% +X 
‘ Ss 
“ft N é h Cx 62 
H 


a = ies on ; 


Figure 6.12 Retrosynthesis of quinoline. 
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The above retrosynthetic considerations are the basis for the majority of the actual 
syntheses [166] of the quinoline system. 


(1) 2-Aminocinnamoyl compounds (accessible by reduction of the corresponding 
2-nitro compounds) undergo cyclization to give quinoline derivatives; thus, from 2-nitro- 
cinnamic aldehydes or -ketones quinolines 65 are obtained, while from 2-nitrocinnamic 
acids the products are 2-quinolones 66: 


R =H, alkyl, aryl 
R R ; oO S 
reduction ~ —H,0 R ETL 65 
SSo _+6H Z fo) N7>R 
7) eno [PRY 
= 66 
—H,O Lh @) 


In some cases, the reducing agent influences product formation; for instance, 
2-nitrocinnamic ester 68 provides the 2-quinolone 67 with Zn/HOAc, but the 
2-ethoxyquinoline 69 with P(OEt)3: 


ail Zn, HOAc Oe (EtO)3P yh 69 
COOR' z 
N7 No NO, N~ ~OEt 
67 1 68 


2-Aminocinnamic acid derivatives 71 are alternatively formed from the sulfonium ylide 
70 (accessible from N-methylaniline derivatives) by a (2 + 3)-sigmatropic rearrangement 
and elimination of Ph—SH (cf. p. 135); cyclization of 71 gives N-methyl-2-quinolones 72 


[167]: 
tBuOCl 
PhS So R fo) SPh 
R COOEt 1 COOEt R 
G1. ee “Sy —- COOEt 
Ne fee NH 
i] 
CH CHg 70 CH3 
“TOO! “OO. 
—_> —_—__> 
-HSPh NH COOEt — —Hoet N~So 
i] I 
71. CH; 72 CH 


(2) (2-Aminoaryl)ynones 73 undergo Pd-catalyzed [168] or Rh-catalyzed [169] cycloami- 
nation (a) in the presence of a tertiary amine and HCOOH to give 2-substituted quinolines 
75 and (b) in the presence of an arylboronic acid to give 2,4-disubstituted quinolines 78: 
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O LM HY, H 
R' cat. ML, < = ae! YS 
~ FA cat. MLy a R'}(2)-H,O Ry 
————> 
RQ M = Pdi(ll), Rh!) A>, A™~\7~RI1 
A NH, L, = ligand 74 75 
73 
(1) RgCl (1) ArB(OH), t 
(2) + H* (2) —H,O XS 
= R=]— 
A~N7~RI 


RsC CR, 
i a ors 78 
"ae sae” Rake 
A~nH, ? =e N7~R! 
6 77 


According to a (simplified) mechanistic rationale, this heterocyclization may proceed 
via the organometallic intermediate 74, which is either protonated and cyclocondensed 
to give 75 or undergoes arylative coupling with Ar-B(OH), followed by cyclization to 78. 

In a sequential alkylation/heterocyclization protocol, electrolytically generated anions 
of CH-acidic compounds (generalized R3C—H; nitro compounds, malonates, f-ketoesters) 
induced heterocyclization to quinolines 77 by MicHaet addition to the ynones (73) and 
subsequent cycloelimination of H,O (76 — 77) [170]. Ynones of type 73 can be cyclized 
with other methods, for example, by addition of nucleophiles HNu (e.g., HOR, HSR), to 
give 2-substituted quinolines with additional 4-Nu-substituent [171]. 

(3) (a) A method of considerable scope and applicability is the cyclocondensation of 
(2-amino)aryl carbonyl compounds with ketones possessing an a-CH) group, which leads 
to quinolines of variable substitution pattern (FRIEDLANDER synthesis) [172]: 


R 
me oe om aw St 
R! ei oO 
—H,0 
=n" 
NH2O 


(2-Amino)cinnamoyl compounds 79 can be regarded as primary products; they may 
arise from an aldol condensation catalyzed by base, acid, or (most frequently) by LEwis 
acids [173]. Alternatively, quinoline formation may result from primary cross aldol 
addition, subsequent cyclocondensation to an imine(4-hydroxy-3,4-dihydroquinoline), 
and aromatization by H2O elimination [174}). 

Base or (Lewis) acid catalysis leads to different products of FRIEDLANDER synthe- 
sis with unsymmetrical a-CH, ketones, as exemplified for the cyclocondensation of 
(2-amino)benzophenone and methyl ethyl ketone: Base catalysis (via enolate) gives rise 
to 2-ethyl-4-phenylquinoline (80) as main product, while (Lewis) acid catalysis (via enol) 
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gives rise to 2,3-dimethyl-4-phenylquinoline (81): 


KOH, EtOH ol 
: i via C, 
a S 
a L = os 
O Ph NZ 
oy x. Oe m 
- HzSO,, HOAc OH ne S 
PZ z 81 
N 


<— 


(b) In a versatile variant of the Friedlander synthesis, isatins are cyclocondensed with 
a-methylene ketones in alkaline medium (PF1TzINGER synthesis) [175]: 


4 [ coo° Oa ail COOH 
R= Ss fe) YS Oo YS RI 
aay | o. (| ayant PR 
L NH, -2H,0 N~ ~R? 
re | 82 83 
; fC) COOH 
a ; coo 
T_ KOH YS 
A HS oe | ee ae | Ri 
LA n—< —H,O N~ So 
gg F 5 1 oO ge 1 


In the alkaline medium, isatin is cleaved at the amide bond and converted to the salt 
82 of isatinic acid, which undergoes aldol condensation with a-methylene ketones and 
cyclization with HO elimination affording quinoline-4-carboxylic acids (83). Notably, 
N-acetylisatins (84), after base-induced ring-opening (— 85), undergo an intramolecular 
aldol condensation giving rise to 2-quinolone-4-carboxylic acids (86). 

(c) In a Ru-catalyzed modification of the FRIEDLANDER synthesis, (2-amino)benzyl- 
alcohol is oxidatively cyclized with a-methylene ketones in the presence of Ru-complexes 
and of a base (usually KOt¢Bu) to give 2,3-disubstituted quinolines 87 [176]: 


OH R2 [Ru]-cat. R2 
Cl + KOtBu ‘S 
NH» —— zg ---4 


It is proposed that primarily (2-amino)benzylalcohol is dehydrogenated to 
(2-amino)benzaldehyde by the Ru-catalyst, which is reduced to a hydrido-Ru-complex 
and re-oxidized by excess of methylene ketone in the catalytic cycle. Cross aldol 
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addition then leads to intermediate 88, which is converted to the quinoline system via 
intramolecular imine formation (88 — 89) and dehydration (89 — 87). 

(d) Formally related to the FRIEDLANDER protocol is a synthesis of highly substi- 
tuted quinoline-3-carboxylates 90 by a domino benzylation/cyclization reaction of 
(2-amino)benzylalcohols with acetoacetate mediated by ZnCl) /FeCl; [177]: 


ZnCl,/FeCls 
OH : io ie atl mol. sieves Sy 0OCR 
—————— ~<-- 
Oo oO a 1 Op 
NH> N* ~R ee 
90 


y S) eCl 
® [HOFeCl.] —H,O COOR COOR 
ZnCl, | 
Qf. eS hencs -~ ol J Jj | -------- ~ 2 93 
NH NH, O07 ~R? ae 


In a tentative mechanistic proposal, formation of a carbocation intermediate 91 from 
the benzylalcohol is assumed, which reacts with the FeCl;-acivated f-ketoesterenolate 
to give the benzylated acetoacetate 92. ZnCl,-promoted cyclization by intramolecular 
enamine formation (92 — 93) and dehydrogenation of 93 by air oxygen provide the 
quinoline 90. 

(4) Some of the “classical” quinoline syntheses utilize intramolecular ring-closing 
S,Ar reactions. Among them, the ComBes synthesis and the Skraup-DOEBNER-MILLER 
synthesis are of general relevance. 

(a) In the Combes synthesis, primary aromatic amines with a free ortho-position are 
cyclocondensed with B-ketoaldehydes or -diketones in strongly acidic medium [178]. 
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HO. OR 
fo) > fe) * 
fi) ---- 1 H i 
R AL 95 “z 96 FR A) ML, g7 B Jel 
N~~R N~ ~R NR 
my H 


Primarily, B-enaminones 95 or arylimines 96 are formed, which after C=O protonation 
undergo intramolecular hydroxyalkylation (96 — 97) and dehydration (97 + 94): 

When £-ketoesters are reacted with primary aromatic amines, product formation is 
dependent on the reaction conditions. In the presence of strong acids, B-ketoanilides 
98 are formed, which undergo cyclization to 2-quinolones (KNorR synthesis). When the 
reaction is carried out thermally, B-aminoacrylates 99 are the primary products, which 
cyclize to give 4-quinolones (KoNRAD-LIMPACH synthesis): 
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While 2-quinolone formation can be understood in terms of an intramolecular S;Ar 
process (in 98) analogous to the ComBzEs mechanism, the 4-quinolone formation from 
99 is thought to result from a 61-electrocyclization followed by sigmatropic (1,3)-H-shift 
and concluded by EtOH elimination. 

(b) In the Skraup-DoEBNER-MILLER synthesis of quinoline, primary arylamines with an 
unsubstituted ortho position react with a,B-unsaturated carbonyl compounds in an acid 
medium in the presence of an oxidizing agent (nitroarene, As,Os)”: 


; R! HO. R! 
R 
H* a 
OL a rd 
NH» R? S 2 N° ~R? 
100 R! 4o1 4 R! 102 
H* a _ ma Ss 
—> Rt | —> ro] 
—H,0 — N R2 -~2H SN NZ R2 
103 4 104 


The mechanism of this reaction was established by the isolation of intermediates, the 
distribution of substituents in the products, and 'C-labeling. In the primary step, the 
amine undergoes MicHAEL addition to the enone system 100 giving rise to B-amino 
ketones 101. Their cyclization affords 102 in an intramolecular hydroxyalkylation (SpAr) 
via the protonated C=O group; dehydration leads to the 1,2-dihydroquinoline 103, which 
on dehydrogenation provides the quinoline 104. 

Accordingly, 2-methylquinoline is formed from aniline and crotonaldehyde, 
whereas 4-methylquinoline is obtained from methyl vinyl ketone; the 1,2-disubstituted 


1) Originally, the term Sxraup synthesis was limited to the reaction of aniline with acrolein (formed 
in situ from glycerol/H2SO4) to give quinoline, and the term DoEBNER-MILLER synthesis to the 
reaction with crotonaldehyde to give quinaldine. It is suggested to use SkRAUP-DOEBNER-MILLER 
synthesis as a generic term for the reaction of a,B-unsaturated carbonyl compounds with primary 
aromatic amines. 
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1,2-dihydroquinoline 105 results from mesityl oxide, a terminally disubstituted enone. 


H 


Pos , H,SO, S 
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The Sxraup synthesis is generally applicable to the synthesis of quinolines unsubsti- 
tuted in the heteroring, especially for the preparation of condensed heterocycles. Thus, 
1,10-phenanthroline, a chelating ligand often used in metal complexes, is prepared from 


8-aminoquinoline: 
5 Ene H,SO,, As.Os 7 
s 
> f N 
zN 


1,10-phenanthroline 


HNO, pane: -Ni 
st 
N 


Interestingly, the y-aryl-B,y-unsaturated a-ketoesters 107 show a reversal of the regio- 
chemistry established above when reacted with primary aromatic amines in TFA [179]; 
instead of the expected quinoline-4-carboxylates 106, quinoline-4-carboxylates 108 are 
obtained: 


COOR Ar 
YS 7S COOR 
i of ae YS 
=S0l Se dT ee => po 
N7 Ar NHy A™~ni7~coor 
106 in TFA, A 107 108 
ann [0] ;-2H 
Ar “za ' 
Ar ' Ar 
moos “ 
sa ae Ht R f _ l SeAr 1 _ 
N “coon BE, oe Be kvl 
N“ “coor -" COOR 
109 110 iH 


Apparently, the amine does not undergo MrcHaeEt addition to the enone system in 
107, but (due to the high electrophilicity of its a-C=O group) prefers imine formation 
(109). In the strongly acidic medium, 109 is cyclized (presumably via cation 110 and 
its SgAr cycloalkylation) to the 1,4-dihydroquinoline system 111, which is oxidized to the 
quinoline-2-carboxylate 108. 
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Likewise regiocomplementary to the traditional Skraup-DOEBNER-MILLER approach 
is the Rh-catalyzed formation of quinolines 113 from a,f-unsaturated ketones and 
(2-amino)phenylboronates (or boronic acids) proceeding in basic medium [180]: 


R° RS 
[RhC\(COD)] . > 
~ LR? KOH AS R2 | Pa-C, air WR 
———> | R—— —_—_> R-— 
NHp Rt A™n7~Ri | -2H A~n7~R! 
112 113 


This synthesis is based upon the Rh-catalyzed conjugate addition of aminophenyl 
boronates to the enone followed by cyclization to the 3,4-dihydroquinoline 112 and its 
dehydrogenation to 113. 

(5) Anumber of syntheses are specifically directed to the construction of the 2-quinolone 
and 4-quinolone system. 

(a) Acetanilides 114 are converted to 3-substituted 2-quinolones 116 and further to 
ice saa 115 by reaction with DMF/POCI; (METH-CoHN synthesis) [181]: 


OL DMF, Bey ed POCI, 

sa 1 

N* “Cl ' R 
i : O 


=N —Ht 
Ny 116 
NF Sn7 ‘ 
Cl A POCI, . _ ohn 
R= 1170 ------- > R- 118. sexcesrarene 
N — HCI N fe) 
H H 


Primarily, the anilide 114 undergoes VILsMEIER reaction at the a-CH, group (— 117), 
which is followed by SgArj cyclization (+118) and elimination of amine (116) (for the 
transformation 116 — 115 cf. p. 382). 

3-Substituted 2-quinolones 116 are also obtained from (2-nitro)benzaldehydes by 
reduction NO, — NH), acylation of the amino group with acid chlorides, and 
base-induced intramolecular aldol condensation of the intermediately formed 
(2-formyl)anilides [182]: 


(1) Fe, ACOH/H,O 


oS CHO (2) a“? p NN CHO Cs,CO, NON R' 
id y I Ul 
R= oO R TT R' aT ed R-—- 
FZ a) Za = H,O fA 
NO, ~~ 


2-Quinolones unsubstituted in the hetero ring result from a Pd-catalyzed domino 
alkenyl amino-carbonylation/intramolecular aryl amidation of 2-(2-halogenoalkenyl)aryl 
bromides with CO and primary amines (via the aminocarbonylation intermediates 119) 
[183]: 
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CO, R-NH, 


Cs,CO. 
a8 S ; 
r PHA As rE to > ETL 
r | 
Br Bri HBr Ne) 


NHR R 

119 
(b) 4-Aryl-2-quinolones 121 are straightforwardly formed by two consecutive Pd-catalyzed 
Heck reactions of (2-iodo)acetanilide, first with acrylate to give 120, second in a domino 


process with aryliodides to give the cinnamate 122 followed by cyclization and HOAc 
elimination [184]: 


OMe O 


A 
CL ee Pd(OAc),, KOAc, K,CO, oc 
> 
N-Ac = 
H Ac 


N 120 
Ar Ar O Arl, 


a Pd(OAc)p, 
S 
: OMe KOAc 
N O — MeOH = 


H H 
121 122 


(c) 2-Substituted 4-quinolones 124 are obtained in a one-pot procedure from (2-bromo) 
acetophenone and carboxamides via sequential Pd-catalyzed amidation and base- 
promoted cyclization [185]: 


(e) 
Pd,(dba), 
a CH, Oo Xantphos 1 ~ CH; ee R- a | 
pag eg +R Cs,CO, alge O ee an 
Br — NX 


NH» 


Phi( (Oro | 
| 


Oo 
TT 
ANH, “Ar Ar 


Primary product of the Hartwic-BUCHWALD amidation is the (2-acylamino)aceto- 
phenone 123. 

Alternatively, 2-aryl-4-quinolones (124, R’=Ar) are obtained from (2-amino)aceto- 
phenones 125 by base-induced aldol condensation with aromatic aldehydes (126), Lewis 
acid-promoted cyclization to the 2,3-dihydro-4-quinolones 127, and their dehydrogenation 
with PhI(OAc)2 (127 > 124, R=Ar) [186]. 

Finally, 1,2-disubstituted 4-quinolones 129) have been obtained in a two-step sequence 
from (2-halogenophenyl) aryl ynones by addition of primary amines to the triple bond and 
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Cu-catalyzed cyclization of the intermediately formed (2-halogenophenyl)enaminones 
128 by intramolecular amination in the presence of a base (K2CO3 or tBuONa) [187]: 


O O NHR Gul, ee 
D base 
‘Ar 
x x 
128 


(6) (a) As diagnosed by retrosynthesis (cf. p. 395), formation of the quinoline system can 
be accomplished from N-arylimines by cyclizing addition of activated alkynes catalyzed 
by Lewis acids, for example, ZnCl, or transition metals, for example, Au(I)/Ag(I)- or 
Cu(I)/Ag(I)-catalysts [188]: 


R2 
S 
i \ cat. cat. 
ae Amt \ ee te II 120 -2H 
R R Z 
N7 ~R' 
OR' " Re 
LA | "OR S TosOH, KMnO, SS 
R—e R-—— 3 
fA N R! —HOR' 3 e N R1 
131 4 aan eee 132 


The Au- or Cu-catalyzed reaction primarily leads to N-aryl-2-propargylamines 130, 
whose cyclization to quinolines 132 requires additional dehydrogenation. This approach 
has been further developed to a sequential three-component process by combining 
aromatic aldehydes and primary amines with terminal alkynes catalyzed by AuCl; /CuBr 
[189]. 

Activated alkenes, for example, enamines or enol ethers, likewise undergo cyclizing 
addition to N-arylimines catalyzed by Lewis acids like BF; or, particularly effective, 
Yb(OT#)3 [190]. With enolethers, the primary products of cyclization 131 are aromatized 
to quinolines 132 by Lewis acid-promoted ROH-elimination and dehydrogenation. 

(b) 2-Vinyl-N-phenylimines 133 undergo thermal cyclization with subsequent dehydro- 
genation providing quinolines 136 with 2,3,4-substitution pattern [191]: 


R! R! R! 
2 2 
eee —— eae Ot = eo 
—_ 
N= R3 -2H Sn RS N = aa NZ R8 
133 134 5H 136 


The mechanism postulated for this transformation involves 61-electrocyclization of 
the 2-azahexa-1,3,5-triene system in 133. In the orthoquinonoid intermediate 134, a 
(1,5)-sigmatropic H-shift isomerizes to the 1,2-dihydroquinoline 135, which finally is 
aromatized to 136 by dehydrogenation. 
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(c) As a principle of synthesis, the construction of quinolines from appropriately 
functionalized pyridine derivatives deserves to be noted. Thus, 2-alkinyl-3-acetylpyridines 
137 undergo thermal benzannulation to 5-aminosubstituted quinolines 139 when reacted 
with excess of pyrrolidine. The educts 137 are accessible by Pd(0)-catalyzed SoNOGASHIRA 
coupling of 2-bromo-3-acetylpyridine; cyclization presumably proceeds via the enamine 
138 [192]: 


<< 


N 


CO 


This aminobenzannulation protocol has been successfully applied to the synthesis of 
dibenzofurans and carbazoles. 


O O ( \ N 
Pd(0) / Cul N 
S CH, Et,N S CHg H S 
& — (3 —— |€° 
N Br N mol. N 
S sieves 
N 


=A ea 
137 R L io R 

Cd 

R 

139 


Quinoline, bp 237 °C, is a colorless steam-volatile liquid of characteristic odor. Quinoline 
was first obtained by alkaline degradation of the alkaloid cinchonine (see below, GERHARD, 
1842). It possesses a lower dipole moment (jz = 2.16 D) than that of pyridine (ww = 2.22 D) 
and isoquinoline (2 = 2.60 D). Quinoline, because of the nitrogen link with the fused 
benzene ring, is a weaker base (pK, = 4.87) than isoquinoline (pK, = 5.14). 

8-Hydroxyquinoline (“oxine’’), mp 75°C, contains an intramolecular hydrogen bond 
and is used as a complexing and precipitating reagent for many metallic ions in analytical 
chemistry. It is prepared by SxraupP synthesis starting from 2-aminophenol. 

4-Hydroxyquinoline-2-carboxylic acid (kynurenic acid) was isolated from the urine of 
dogs (L1EBic, 1853). Itis a metabolic product of tryptophan. 

The alkaloids of the cinchona bark are natural products containing a quinoline 
structure [193]. Examples are the diastereomeric pairs quinine/quinidine and cinchoni- 
dine/cinchonine (140 and 141) in which a 4-methylquinoline unit is bonded to a 
vinyl-substituted quinuclidine system (1-azabicyclo[2.2.2]octane). Camptothecin (142), a 
highly toxic polycyclic quinoline alkaloid, was isolated from the stem wood of the Chinese 
tree Camphoteca acuminata (Nyssaceae). 
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HO, H 
N 
a Ss 
o 140 
N 
R =H: cinchonidine R =H: cinchonine 
R = OCH3: quinine R = OCHs: quinidine 


Many quinoline derivatives are important biologically active agents. 8- Hydroxyquinoline 
and some of its halogenated derivatives are used as antiseptics. Chloroquine (143) is one 
of the older but still important antimalarials. N-Alkyl-4-quinolone-3-carboxylic acid and 
systems derived thereof are constituents of antibacterials (gyrase inhibitors [194]) such 
as nalidixic acid (144) and ciprofloxazin (145). The quinoline-8-carboxylic acid derivative 
146 (quinmerac) is employed as a herbicide for Galium aparine and other broad-leaved 
weeds. Methoxatin (147), known as coenzyme PQQ, is a heterotricyclic mammalian 
cofactor for lysyl oxidase and dopamine f-hydroxylase [195]. 


a fe) fe) 
roww Z COOH F. COOH 
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HOOC 
—, COOH 
CH; 
S HN 
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2 | 
ms . fe) N* COOH 
COOH I 
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6.17 
Isoquinoline 


Isoquinoline is formally derived from naphthalene by replacement of a B-CH group 
by nitrogen. The isoquinolinium ion and 1-isoquinolone (isoquinolin-1(2H)-one, isocar- 
bostyril) are important derivatives of isoquinolines. 
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Figure 6.13 Bond parameters of the isoquinolinium ion (bond 
lengths in pm). 


S S 
NH NH 
) 


O 
isoquinolinium ion 1-isoquinolone 


144 


Isoquinoline has structural (see Figure 6.13) and spectroscopic analogies to naphtha- 
lene and pyridine. 
Isoquinoline shows the following UV and NMR data: 


UV (hexane): 2 (nm) (e€) 1H NMR (CDCI3): 5 (ppm) 13¢ NMR (CDCI): 5 (ppm) 

216 (4.91) H-1:9.15 H-6: 7.57 C-1:152.5 C-6:130.6 C-4a: 135.7 
266 (3.61) H-3: 8.45 H-7: 7.50 C-3:143.1  C-7:127.2  C-8a: 128.8 
306 (3.35) H-4:7.50  H-8: 7.87 C-4:120.4  C-8: 127.5 

318 (3.56) H-5: 7.71 C-5: 126.5 


The reactions of isoquinoline closely parallel those of quinoline with respect to reaction 
types and principles. 


(1) Reactions with electrophilic reagents 


(a) As in quinoline and pyridine, protonation (formation of isoquinolinium salts with 
HX), alkylation and acylation (formation of N-alkyl- or N-acylisoquinolinium salts with 
R-X and R-COX), and N-oxidation (formation of N-oxides with peracids) occur at the N 
atom. 

(b) SgAr reactions take place preferentially in the 5- and/or 8-position of isoquinoline. 
Nitration with HNO3/H2SO, at 25°C affords the 5- and 8-nitro compounds 2 and 3, 
bromination in the presence of strong protic acids or of AlCl; leads to the 5-bromo 
compound 1, and sulfonation with oleum at temperatures up to 180°C yields the 
5-sulfonic acid 4: 


Br NOz 7 
Br, 5 HNO,, H,SO, 


S AICI, = 25°C SS zN 
<—__+ — aed + 
Zz N Z N B N NO, 
8 
‘ H,SO,, SO, 2 (80%) 3 (10%) 
NS ° SO3H 
< 180 °C 
S 


ZN 
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The relative SAr reactivity of isoquinoline is higher than that of pyridine and quinoline 
and was determined from nitration experiments: benzene = 1, pyridinium ion ~10-”, 
quinolinium ion ~10~°, isoquinolinium ion ~10-°. 


(2) Reactions with nucleophilic reagents 


(a) Nucleophilic reactions take place on the hetero ring of isoquinoline, preferably in the 
1-position. For instance, the CHICHIBABIN amination with NaNH) in liquid ammonia 
yields 1-aminoisoquinoline (5). The ZIEGLER reaction with organolithium compounds, 
for example, n-butyllithium, furnishes the 1-substituted product, for example, 7; as with 
quinoline, benzene annulation stabilizes the primary addition product, for example, 6 (a 
1,2-dihydroisoquinoline), which can be isolated and dehydrogenated to 7 by nitro arenes: 


NaNH, (1) n-BuLi 
S fl. NH, S (2) H,O S 
ZN ae , NH 
1 H 
5 NH, 6 
PhNO, 
-2H 
SS 
Zz N 
7 


(b) Isoquinolines with halogen substituents in the 1-position are particularly reactive 
toward SyAr replacement. For instance, 1,3-dichloroisoquinoline undergoes selective 
monosubstitution in the 1-position with CH;ONa under relatively mild conditions giving 
rise to the 1-methoxy compound 8. Reductive dehalogenation also removes the 1-halogen 
substituent selectively and affords 3-chloroisoquinoline (9), whose SyAr reaction with 
CH3ONa (10) requires elevated temperature: 


CH,ONa 


geen. NZ et AcOH i ol 
ee ed I 
ZN 60 rr ZN ZN 
1 


10 
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(c) Like quinoline, isoquinoline is susceptible to the REIssERT reaction with KCN or 


Me;3SiCN in the presence of acylating agents (R-COCI or CLICOOR); via the intermediate 
N-acylisoquinolinium salt 11, N-acyl-1-cyano-1,2-dihydroisoquinolines 12 are obtained: 


9 
CA aa COL. aN sen” ae x" 


-c® 
O CN 
11 
Nu 
Ss 
(3) 
NaF ae cigs i ee ee - 
| O _Ht ZN — NH, ZN 
HN Pe a CONH, COOH 
3B of R : 
‘ ! 14 
ee H we 


The REISsERT compound 12 undergoes acid hydrolysis to give isoquinoline-1-carboxylic 
acid and an aldehyde R-CH=O. This disproportionation reaction presumably involves 
formation of an amino-oxazolium ion 13 and its ring-cleavage to the amide 14 and the 
aldehyde. 

REISSERT compounds 12 served as tools for some synthetically interesting transfor- 
mations [196]. Deprotonation of the N-benzoyl compound 15 brings about the anion 
16, which rearranges to 1-benzoylisoquinoline (17) after loss of cyanide and a 2,1-acyl 
shift. Electrophilic reagents, like alkyl halides, carbonyl compounds, or MICHAEL accep- 
tors, convert the anion 16 into 1-substituted isoquinolines with elimination of cyanide 
(examples 18-20): 


S __ NaH, DMF DMF aS 
wr ane on @ 
NC H fe) 


15 go FR 
(1) RX 1) PR Asay 
(2) -x® (2) HCN, -H,0 
Ss Ss * 
) 
18 Ro CNG Bl 19 oR 20 
—PhCOOH Ph CN 


(d) The ReEtssErt principle — activation of the azine system by N-acylation and subsequent 
addition ofa nucleophile to the N-acyliminium moiety — has been extended to reactions of 
electron-rich olefins and dienes with isoquinoline in the presence of acylating agents. For 
example, addition of bis(1,1-trimethylsilyloxy)ketene acetals in the presence of CICOOMe 
affords the 1-functionalized 1,2-dihydroisoquinoline 21 and subsequent iodolactonization 
the tricyclic iodolactone 22 [197, 198]. Analogously, 1,3-bis-silylenolethers react with 
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isoquinoline/Cl1COOMe to give 1,2-dihydro-isoquinolines 23 with a f-dicarbonyl side 
chain at C-1, which cyclizes to azabicyclo[3.3.1Jnon-3-enes 24 on treatment with TFA 
[199]: 


TMSO OTMS 
Zp S COOMe 
TFA 
CICOOMe a N.coome ) COR 
R 
TMS = SiMe, OH 
24 
23 0 O 


(e) Ring-expansion of isoquinolines is accomplished by reaction with a-diazocarbonyl 
compounds in the presence of CICOOEt and catalyzed by Cu(OTf)2, giving rise to 
formation of N-ethoxycarbonyl-3 H-benzo[d]azepines, for example, 26 [200]: 


R-COCHN,, —e 
CICOOEt, — 
~ Cu(OTt), N°cOOEt | © . N-COOEt 
H COR - HCI 
N = 
F —Np H 


25 ag HOOR 

As a preliminary interpretation, primary formation of an activated N-acylisoquino- 

linium salt, dediazoniative addition of the a-diazocarbonyl compound to the iminium 

moiety (rationalized by intermediate 25) with insertion to the isoquinoline N—C-1 

bond, and subsequent HX elimination (25 — 26) can be discussed. Quinoline reacts 
analogously, giving rise to 1H-benzo[bjderivatives. 


(3) Side-chain reactivity 


As with quinoline, CH3 groups attached to the hetero moiety of isoquinoline possess 
CH-acidity (note: 1-CH; >> 3-CH3) and can, therefore, undergo base- or acid-catalyzed 
C-C bonding reactions (27 and 28): 


PhCHO ; PhCHO 
ZnCl, : ZnCl, Ph 
> 100 °C, 20h S\ } Nye CNs 160°C, 7d a 
ZN 70% +7 N 3 ZN 4% ZN 
aS CH, } 28 


Ph : 


The CH-acidity of the isoquinoline 1-CH; group is increased by N-quaternization. 
Anhydro bases (e.g., 30), obtained by deprotonation of N-alkylisoquinolinium ions (e.g., 
29), are usually stable and as enamines they can undergo electrophilic reactions on the 
B-C-atom (cf. p. 393): 
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~ e —_Kon. = 
ZN —— : 
CH, HI CH; 
29 HzC—-Ph 30 HC—Ph 
(4) Oxidation and reduction 
(a) Oxidation of isoquinoline with alkaline permanganate yields a mixture of phthalic 
acid and pyridine-3,4-dicarboxylic acid, while KMnO, in neutral medium does not affect 
the benzene ring, affording phthalimide as the oxidation product: 
COOH 


KMnO, KMnO, 


__feutral CO __alkaline oon ne 
+ 
COOH SN 


COOH NO, 


NO» 
Kin, oon S -KMnO, COOH 
SN ZN 


COOH 


Substituents on the benzene ring can influence the outcome of the oxidation. For 

instance, oxidation of 5-aminoisoquinoline with KMnO, affects only the benzene ring, 
whereas with 5-nitroisoquinoline, only the pyridine ring is oxidized. 
(b) Reduction of isoquinoline can be carried out by catalytic hydrogenation, by hydride 
reagents, or by metals. Catalytic hydrogenation is controlled by the acidity of the reaction 
medium: Selective reduction of the pyridine ring to the 1,2,3,4-tetrahydro compound 
31 occurs in CH3COOH, whereas in concentrated HCl the benzene ring is selectively 
reduced to afford the 5,6,7,8-tetrahydro compound 32. Further hydrogenation leads to 
the decahydroisoquinoline 33 (cis/trans mixture): 


H 
3 bar 3 bar Hp, Pt : N 
CH3COOH ~ concd HCI S 3 bar H 
<—__ eee | ———> + 
Ny ZN ZN H 


31 32 CO 
N. 
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When treated with diethylaluminum hydride, isoquinoline yields its 1,2-dihydro deriva- 
tive in analogy to quinoline. Metal reductions, for example, with Na in liquid NH; or 
with Sn/HCl, afford the tetrahydroisoquinoline 32. 

Isoquinolinium ions are reduced to 1,2,3,4-tetrahydroisoquinolines by NaBHy,. This 
reaction was important for establishing the structure of alkaloids. Since the reduction of 
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the heterocycle with sodium borohydride proceeds rapidly, other reducible substituents 
such as the carbonyl group are not affected, as example 34 shows. 


NaBH, 


For further synthetic applications of the reduction of isoquinolinium ions, see 
Ref, [201]. 


Retrosynthesis of isoquinoline (see Figure 6.14) is approached in a way similar to that of 
quinoline (cf. p. 395). 


¢ Disconnection at the imine moiety (a) and FGA (b) lead to compounds 35 and 36 
as starting materials for a cyclocondensation. If FGIs b, d, f, and g are taken into 
account, the aminocarbonyl compounds 37 and 43 are relevant to the synthesis of 
dihydroisoquinolines 38 and 42. 

¢ Disconnection at positions C-4 or C-1 (i/j) in the 3,4-dihydroisoquinoline 40 lead 
to formation of the synthons 39 or 41, from which suitably functionalized educts for 
isoquinoline formation by S,Ar cyclization reactions may arise. 


From these retroanalytic considerations, most of the actual syntheses of isoquinoline 
[202] can be derived in principle. 


(1) (a) (2-Formyl)phenylethanal (44) and analogous dicarbonyl compounds undergo 
cyclocondensation with ammonia to give isoquinolines, with primary amines to give 
N-substituted isoquinolinium ions, with hydroxylamine to give isoquinoline-N-oxides, 


c 
SNe +H,O a 
O 
4 —NH, ZO 
+2H f 35 +H,0 36 
ANY: cocetesdecedes ‘ 
Mele : st +2H S 
37 "hccandnnteoces } 38 


39 40 a 42 43 


Figure 6.14 Retrosynthesis of isoquinoline. 
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and with hydrazines to give N-amino isoquinolinium-N-betaines: 
NH HX N 
UN i a 0 eee 2 oR 
H,NOH RNHNH 
SS 2 2 ~ 
ZN, oe ZN 


This principle of isoquinoline formation has been verified for other biselectrophiles 
analogous to 44, for example, derivatives 45 of (2-cyano)phenylacetic acid: 


~ Cl AN Cl So JOH 
RO go _ ey | eyo —> Ao 

Z~on ua ZN 

45 Cl Cl 


(b) Carbonyl-protected (2-aminomethyl)desoxybenzoins 46 are cyclized to 3-aryliso- 
quinolines 48 on treatment with aqueous acid and dehydrogenation of the intermediately 
formed 1,4-dihydro-isoquinolines 47 with iodine: 


Ar 
~~ 6) HCl, H,O Y | Ar lp SS ~N Ar 
2 ee |S i Ba 
2x 0 : A 2H ZN 
—OH 
46 NH -H,O 47 48 


~~ CHs 
< 20 oe + Ar—COOR' 
7™~CN 


The benzylamines 46 are obtained from (2-cyanobenzyl)aryl ketones 49, the products 
of a CLaIsEN condensation of 2-cyanotoluenes and benzoates, by dioxolane formation 
with glycol and reduction of the CN-group with B2H.. 

(2) Numerous “classical” isoquinoline syntheses utilize intramolecular SpAr reactions 
for the construction of the hetero ring. Among them are the BiscHLER-NAPIERALSKI 
synthesis, the Picret-Gams and PIcTET-SPENGLER syntheses, and the POMERANZ-FRITSCH 


synthesis. 

(a) In the BiscHLER-NAPIERALSKI synthesis, B-arylethylamides 50 are cyclizecyclized by 
mediation of strong acids (e.g., H2SO4, polyphosphoric acid), LEwts acids or POC]; [203] 
to give 1-substituted 3,4-dihydroisoquinolines 51, which can be dehydrogenated (e.g., 
with Pd/C or sulfur) to isoquinolines 52: 
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POCI, Y 
R'- ——__> R'- > R' 
Os-NH —H,0 Se -2H ZN 


50 R 51 R 52 R 
POCI, A 
Y =H" 240] as 
| 2 em 
53. R 54 55 R 


The POC1;-promoted cyclodehydration of 50 proceeds in analogy to the VILSMEYER 
reaction. Primary products are chloroimines (53) (or their conjugate acids), which initiate 
the intramolecular SAr reaction via (isolable) nitrilium ions 54 as electrophiles. The 
scope of the Bischler-Napieralski protocol is illustrated by the amides 56/58 affording 
hexahydroisoquinolines 57 and phenanthridines 59, respectively, or the styrylisocyanate 
60 giving rise to 1-isoquinolones 61: 


=, wE& 0 
Oo. NH POCI, 
NH ZN 
57 R 
R 59 


56 R 


60 R-=— 


(b) In the Picret-Gams synthesis, B-hydroxy-substituted B-arylethylamides 55 lead di- 
rectly to quinolines 52 when subjected to the BiscHLER-NAPIERALSKI conditions; thus, 
due to an additional H2O elimination [204] a dehydrogenation step is not required. 

Methods (a) and (b) can be used complementarily, as shown by the syntheses of the 
alkaloid papaverine (62): 


The educt 64 for the PicretT-Gams synthesis is prepared from the oxazoline 63 
(accessible from methyl isocyanide by application of the ScHOLLKopF methodology (cf. 
p. 173)). 
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(c) In the PoMERANZ-FRITSCH synthesis, isoquinolines unsubstituted in the hetero part 
are obtained by condensation of arylaldehydes with C=O-protected aminoacetaldehyde 
(— 65) followed by acid-catalyzed ring-closure (65 — 66): 


OR' 
OR' i OR' 5 ae ‘iin: daa 
—_—_> R—— 


(1) Ho, cat. 


(2) TosCl, py 4 on. _8NHCI Oh 


The PoMERANZ-FRITSCH protocol was improved by combining arylaldehyde and 
aminoacetaldehyde acetal in a reductive amination with consecutive tosylation (— 67) 
followed by acid-catalyzed cyclization of the tosylate (67 — 68) and concluded by acid- or 
base-induced aromatization (68 — 66). 

In further modification, this methodology has been applied to tetrahydroisoquinoline 
synthesis, for example, 69: 


-TosH 


OH 
H,C=O, 


“Ss R-NH, Radel ~ me 
R= RT, No 
Z 
(1) HCI NalO, 
so: S He cat cat. > ken 
1 Zz Non 


(d) Method of choice for the synthesis of 1,2,3,4-tetrahydroisoquinolines 71 is the 
acid-catalyzed cyclocondensation of B-arylethylamines with aldehydes (P1cTET-SPENGLER 
synthesis): 


Za 

RI | H* ® ALe | 

WN HN-R NK oe = u 
+ —H,0 ~R op R 
R?-CH=O 70 R2 71 Re 

HO HO 

oe se Synthesis und 

NH 18h, 20 °C NH ynthesis under 

ee ¢ “Gro ? HO biomimetic conditions! 


°, 84% ie 2, 
O - O 


Primarily, in analogy to the MANNICH reaction, an iminium ion 70 is formed, which is 
responsible for the electrophilic cyclization (+71). If donor substituents are present in 
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the amine component, this process may occur under mild conditions (e.g., +72 [205}), 
and is of fundamental importance for the biogenesis of isoquinoline alkaloids (cf. p. 418) 
[206]. 

(3) Aside from the principles of synthesis directly deducible from retroanalysis, some 
“non-classical” approaches to isoquinoline deserve attention. 

(a) (2-Bromo)benzylamines undergo a Cu-catalyzed domino coupling/cyclocondensation 
reaction with B-ketoesters in the presence of K,CO3 to give 1,2-dihydroisoquinoline-3- 
carboxylates 73 (via intermediates 74/75), which afford the corresponding quinolines 76 
on dehydrogenation by air [207]: 


Cul COOR? 
Br one) ' 1 
~ K,CO, NaN R 
1 + > i 
RC NH> pi ope Ak NA 73 
(a € 
aes |t0,-28 
Y ae 
7-H, 
GOoR® RPOOG a 20 CooR 
R 1 
ee a erg ae 
Z oO Z NH Dal. hl 
74 NH, 75 


(b) (2-Ethinyl)benzaldimines 77 are transformed into 3-substituted isoquinolines 79 by 
Pd-catalyzed cyclization in the presence of Cul and NEt3 (LARocK synthesis) [208]: 


Pd(PPhs), 


a : 2 OR R 
pcs Cul, Et3N OG S 
Z in ZN Nv ; ZN 
7 HH H 
he Oe 


80 (X = Br, 1) 


It is assumed that cyclization proceeds by Cu-promoted intramolecular nucleophilic 
addition of the imine moiety to the triple bond (77 — 78) with loss of the tBu group by 
formation of isobutene. The imines 77 are accessible from (2-halogeno)benzaldehydes 
80 (X = Br, I) by SonocasuHira coupling with terminal alkynes and imine formation 
with (CH3)3C-NH) or vice versa. 

The Larocx protocol is particularly valuable for the construction of condensed hetero- 
cycles with isoquinoline units, as illustrated for the synthesis of the 1,6-naphthyridine 81 
from an appropriately functionalized pyridine derivative [209]: 
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(1) LDA HN he 
( (2) DMF YO? Sa 
NZ B | z | S 

' ny ae =e Nv “Br ==—Ph, 
A ke Pd(PPh,),, Cul, Et,N 
| SSN Cul, DMF | SSN 
Cul, DMF 
N7~~7*Ph NS 
81 Ph 


It should be noted that benzaldoximes can be cyclized to isoquinoline derivatives 
on Ag(I)OTf catalysis very efficiently. The oxime-O-substituent determines product 
formation: While O-alkylated oximes give rise to 3-substituted isoquinolines, O-acetylated 
oximes give 3-substituted isoquinolones [210]. 

(c) N-Acyldehydroaminoesters, for example, 82, react with benzyne (generated in 
situ from (2-trimethylsilyl)-phenyltriflate by fluoride-induced 1,2-elimination) to give 
1-substituted isoquinoline-3-carboxylates, for example, 83 [211]: 


HN-COR ' 
SiMe3 F-reagent DB i Ss COOR 
it 
= 
OTf 82 R 
HN-—Boc : : 83 
: : A 
COOR' {APRS RASA ARER OER SES a ! 
84 ‘ eae 
COOR' (1) add. ‘ 
(2) +H" COOR 
COOR WS aS eae > | 
N | OyUN N 
B a: 87 
oc 85 R 86 HO R 


This aryne annulation is likely to proceed via electrophilic attack of benzyne at the 
enamide 82 (86) followed by ring-closure and dehydration (86 — 87 — 83), thus 
representing a formal (4 + 2)-cycloaddition of 82 to the aryne. 

Interestingly, the N-Boc-dehydroaminoester 84 on reaction with benzyne gives rise to 
an indolenine-2-carboxylate 85, the product of a formal (3 + 2)-cycloadition. 

(d) a-Azidocinnamates provide conceptually and mechanistically remarkable patterns 
for the formation of isoquinoline-3-carboxylates. 


(i) On thermal reaction with a-diazocarbonyl compounds, w-azidocinnamate 88 gives 
rise to 1-substituted isoquinoline-3-carboxylates 89 [212]. A plausible interpretation of 
isoquinoline formation is in accord with a domino sequence of (i) STAUDINGER reaction 
of the azidocinnamate 88 with Ph3P to give the aza-P-ylide 90, (ii) WoLFF rearrangement 
of the a-diazoketone to a ketene, (iii) aza-W1rric reaction of 90 with the ketene to afford 
ketene imine 91, (iv) 6m-electrocyclic ring-closure 91 — 92, (v) aromatization of 92 to the 
isoquinoline 89 by (1,3)-H-shift: 
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a Ss COOEt “ 
LZ Ng + A 


88 
PhP —N, 
Y 
a ANS COOEt 
R 
90 PPh3 


(ii) On reaction with triethylphosphite, ortho-acyl-substituted w-azidocinnamates 93 are 
transformed into isoquinoline-3-carboxylates 95 with elimination of N> [213]: 


COOR' COOR' 


R2 R2 R 


Again, the primary step is a STAUDINGER reaction of 93 giving rise to an 
ortho-acyl-substituted aza-P-ylide (94), which establishes the isoquinoline C-1-N bond 
by an intramolecular aza-Wrtric reaction (94 — 95) with formation of triethylphosphate; 
the aza-WirtIc process occurs under mild conditions (+20 to + 35 °C). 


[D| Isoquinoline, mp 26°C, bp 243°C, is a colorless substance with a pleasant smell. 
Isoquinoline occurs in coal-tar and in bone-oil; for its basicity see p. 405. 

Isoquinoline derivatives occur widely in nature [214]. There are over 600 known 
isoquinoline alkaloids, one of the largest groups of alkaloids known. With the exception 
of a few simple systems of the anhalonium type, for example, anhalamine (96) and 
anhalonidine (97) (constituents of the peyote cactus), 


H3CO. 
96: R'=R?=H 
H3CO N. a1 97: R'=R2= CH3 
OH R? 


isoquinoline alkaloids are derived from 1-benzylisoquinoline. In the biogenesis of 
1,2,3,4-tetrahydro-N-benzylisoquinolines, MaNnnicH cyclization (as utilized in the 
PicrEeT-SPENGLER synthesis (cf. p. 415)) is the key step, which combines as building 
blocks [2-(3,4-dihydroxyphenyl)ethyljamine (98) and (3,4-dihydroxyphenyl)acetaldehyde 
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(99), both derived from the proteinogenic amino acid tyrosine: primary product of 
biogenesis is norlaudanosoline (100): 


HO. 
Ow LH 
HO @ NH 
ee ae 8 
HO NH, —H,O HO. 
Ho C) 
98 99 HO 100 


Other isoquinoline alkaloids are derived from the biogenetic key compound 100 by 
further transformations, mainly by oxidative phenol coupling of the isoquinoline ring and 
on the benzyl residue. Numerous structural types of isoquinoline alkaloids are known, 
for example, the systems 101-106 (for further details, see textbooks of natural products). 


2N N N. R 
O 


101 102 103 
benzylisoquinoline-type protoberberine-type phthalide isoquinoline -type 


COSC eu By 
eR 
106 


104 105 
pavine -type aporphine -type morphinane-type 


A number of pharmaceuticals are derived from isoquinoline. The long-known isoquino- 
line alkaloid papaverine (62, for its synthesis cf. p. 414) is still used as a spasmolytic. 
The antidepressant nomifensin (107) and the antibilharzia drug praziquantel (108) are 
derived from 1,2,3,4-tetrahydroisoquinoline. 


CF C I "~” 
@ 
NscH, ae 
NH 
107 


2 
108 
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6.18 
Quinolizinium lon 


The quinolizinium ion is structurally derived from naphthalene by substituting one 
C-atom for an azonia-nitrogen in the fused position (4a). In difference from the established 
nomenclature (cf. Chapter 2), the reduced systems 1, 2, and 3 are named as quinolizines 
and the perhydrosystem (4, 4a-azadecahydronaphthalene) as quinolizidine: 


ZND aa aa S 
NN ZB SUN NN ge N 
1 2 3 4 


The quinolizinium ion is considered to be aromatic from its spectroscopic data (for 
comparison, cf. quinoline/isoquinoline p. 387/407). The strong shielding of the protons 
in the 4- and 6-positions next to the azonia-nitrogen are characteristics in the 'H and 
13C.NMR spectra of the quinolizinium ion: 


UV (H20): A(nm) (e€) = 'HNMR(D20):5 (ppm) _C NMR (D20): 6 (ppm) 


226 (4.25) H-1/H-9: 8.69 C-1/C-9: 127.9 
272 (3.42) H-2/H-8: 8.43 C-2/C-8: 138.0 
310 (4.03) H-3/H-7: 8.14 C-3/C-7: 125.0 
323 (4.23) H-4/H-6: 9.58 C-4/C-6: 137.0 
(perchlorate) (bromide) (bromide) 


In its reactivity, the quinolizinium ion shows analogies to the pyridinium ion. As a 
deactivated heteroarene, the quinolizinium ion is resistant to electrophilic reactions. One 
of the few exceptions is bromination, which primarily leads to the perbromide 5, then 
under drastic SgAr conditions to the substitution product 6: 


Br 

a Bry aa 200 °C a~S 

Ne " Z S " F 6 SHEr Ne A Z 
Br Brg 6 Br© 


If halogen is present at the 4-position of the quinolizinium ion (e.g., 8), displacement 
reactions are possible. Thus, sodium malonic ester affords the methylene quinolizine 
7 by nucleophilic substitution and subsequent deprotonation, whereas Pd-catalyzed 
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cross-coupling with organotrifluoroborates [F3B-R]K gives rise to alkyl- or aryl-substituted 
quinolizinium ions 9 [215]: 


X=Cl: X = Br: 
7 N _MEOHIGOOR)s COOR)» eal ae R]K 3 (R = alkyl, aryl) 
NaCl Ker 


ROOC” ~COOR- -H* ~ BF, 


fo] » Son 


Nucleophilic ring-opening reactions occur, for instance, with secondary amines to give 
aminodienes 11 or with aryl Gr1GNARD compounds to give aryl-1,3-dienes 10: 


R 
1 
SA AIM gx _HNR, © - | BV eg 
\ oe ea 
TMX, ‘a LHX HSN’ WS 
1 
R 11 


Finally, 2- or 4-methyl substituents in the quinolizinium ion exhibit side-chain reactivity 
(as in the pyridinium ion, cf. p. 359) and thus allow electrophilic C-C bond formation. 
Retrosynthesis of the quinolizinium ion is based on disconnections of the retro-aldol type 
a/b, which suggest 12/13 or 14/15 as educts for synthesis [216]. 


(1) Pyridinium salts 16, which possess an alkyl group at the 2-position and an 
acceptor-activated methyl group at the nitrogen, undergo base-catalyzed cycloconden- 
sation with 1,2-dicarbonyl compounds giving rise to quinolizinium ions 17 (WESTPHAL 
synthesis): 


Ox _UR® 
R! R! O RS R! : 
Z . BR? Z Bu,NH or or NaHCO, Z . NN R° pl = alkyl 
Se > = COR, COOR, CN 
SN VN ~2H,0 WANA Sp R= alkyl, aryl 
Br R? Br H 
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Quinolizinium formation reasonably should result from twofold aldol condensation 
and subsequent “‘acid-cleavage”’ of the R? residue. 

A modification of the WeEsTPHAL synthesis is based on 6-(2-pyridyl)substituted 
6-hydroxyketones 18, which are available from aldol addition of pyridine-2-aldehyde 
to methylene ketones R1'-CH,—CO-R?’. O-Acylation and subsequent N-quaternization 
with bromoacetate or bromoacetonitrile transform 18 into pyridinium salts 19, which 
on treatment with Bu2NH are cyclized to quinolizinium salts 20 by intramolecular aldol 
condensation and HOAc elimination: 


OH 
Ri (1) AcCl, py aa 
S OP aed S Z R 
| J Br~>R Bu,NH ‘tis 4 
sm fe) R2 28> fe} R2 ae A Z Re Br 
3 
18 Bre PR 4g 20 PR? 


(2) Ina recent synthesis, quinolizinium ions of type 23 are obtained by Ru-catalyzed 
RCM of 2-vinyl-N-homoallylpyridinium salts 21 followed by dehydrogenation of the 
RCM-products 22 with Pd-C. The pyridinium salts 21 are accessible by N-alkylation of 
2-vinylpyridines with homoallyltriflate [217]: 


| Ru-cat*: r\ 
R ao? a Furcal Pac So Ms-N._UN-Ms 
XEN : PEN 2H ALN Z Cl. 
® a ® cen 
Tro° 21 Tro° 22 TIO® 23 PCys 


(3) (a) Cyclocondensation of (2-acylmethyl)pyridines 24 with alkoxymethylene mal- 
onates (or the corresponding nitro compounds) affords — presumably via intermediate 
25 — derivatives of 4-quinolizinones 26: 


an = a 
R' L 
\ ROOC~ ~COOR a“ l cab ad l 
l oe NH — > Lon . 
ZN _ ROH ROOC~ “COOR —ROH coo 
fe) 
24 R' = acyl 25 26 


4-Quinolizinone formation is thought to occur via MicHaeEt addition of the anion of 
24 to the alkoxymethylene malonate followed by ROH elimination and lactamization 
of 25. 
(b) 2-Quinolizinones 28 are obtained from cyclocondensation of 2-alkyl-substituted 
pyridines 27 with propiolates in the presence of lithiumdiisopropylamide (LDA) [218]: 
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R! R! 
fe) (1) LDA 0 
S se (2) HO YNZ 
ee 
gn. MEO SS Re ~MeOH WNCANG 
27 RoW 28 R? 
| (1)-Ht ~ . 4 
ey MeO ngs ZN i eueseaoas 
29 R? 


Primary step is likely to be a CratsEn-like C-acylation of the 2-deprotonated pyridine 
system 27, 6-endo-trig cyclization of the acylation product 29, and (1,3)-H-shift to give 28. 


Quinolizidine alkaloids occur in the species Lupinus, Cytisus, and Genista of the papil- [D | 
ionaceae. Lupinine (30), cytisine (31), and sparteine (32), the main alkaloid in common 
broom (Cytisus scoparius), are typical examples. Sparteine is used in the treatment of 
cardiac arrhythmias. 


4 CHLOH 


N 


30 


The dibenzo[a,g|quinolizinium derivative coralyn (33) was known before the syn- 
thesis of the parent compound (BOKELHEIDE, 1954). Coralyn possesses antileukaemia 


properties [219]. 
OCH, 


: OCH, 
Ss 


H,CO. a 
SD N 
So < 33 
CH, 


HCO 
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6.19 
Dibenzopyridines 


Two neutral dibenzannulated systems are derived from pyridine: the linear annu- 
lated acridine (1, dibenzo[b,e|pyridine) and the angular annulated phenanthridine (2, 


dibenzo[b,d|pyridine): 
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Acridine and phenanthridine have the following UV and 13C-NMR spectroscopic data: 

UV (ethanol): 4 (nm) (¢) 13¢ NMR (CDCI): 6 (ppm) 

Acridine 249 (5.22) C-1: 129.5 C-9: 135.9 
339 (3.81) C-2: 128.3 C-1a: 126.6 
351 (4.0) C-3: 125.5 C-4a: 149.1 
379 (3.44) C-4: 130.3 

Phenanthridine 245 (4.65) C-6: 153.1 C-1/C-10:121.0/121.3 
289 (4.01) C-4a: 144.1 C-2/C-9:127.0/126.6 
330 (3.27) C-7a: 142.0 C-3/C-8:128.3 /128.2 
346 (3.27) C-4/C-7: 130.4/129.8 


C-1a/C-10a: 126.6/123.7 


The UV data of the two dibenzopyridines correlate with those of anthracene [(hexane, 
nm, lg): 252 (5.34), 339 (3.74), 356 (3.93), 374 (3.93)] and those of phenanthrene 
[(hexane, nm, lg e): 251 (4.83), 292 (4.17), 330 (2.40), 346 (2.34)]. 

The reactions of dibenzopyridines show similarities to pyridine, quinoline, and isoquino- 
line and are classified analogously. 


(1) Reactions with electrophilic reagents 


As weak bases (cf. p. 428), acridine and phenanthridine are N-protonated by strong protic 
acids, N-alkylated by alkyl halides, and N-oxidized by peroxy acids. 

Electrophilic substitutions of acridine often result in disubstitution at the 2- and 
7-positions (e.g., nitration giving 3), whereas at phenanthridine, SpAr reactions occur at 
different positions (e.g., nitration mainly at the 1- and 10-position yielding 4 and 5): 


ete, 


NZ 
3 


ne 

ne 
HNO, 
= eeOy 


(2) Reactions with nucleophilic reagents 


Phenanthridine, in general, gives rise to nucleophilic substitution at the 6-position, 
as with amide in the CHICHIBABIN reaction or with lithium organyls in the ZIEGLER 
reaction. 
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Acridine shows some differentiation in its behavior toward nucleophiles. Thus, 
CHICHIBABIN amination leads to different products depending on the solvent; with 
Na NH)j in liquid NH3, 9-aminoacridine (6) is obtained exclusively, whereas with NaNH) 
in N,N-dimethylaniline, the main product is 9,9’-bis (9,10-dihydroacridinyl) (7): 


N 


— lig. o, i N.N-dimethyFaniline -aniline i & (+6) 


+NaNHp H 


For the formation of 7, a change from the conventional SyAr mechanism (cf. p. 353) 
to a radical SET process with successive dimerization is likely to be responsible [220]. 

Organolithium compounds and CH-acidic compounds add to acridine at the 9-position 
to give 9,10-dihydroacridines. For instance, with nitromethane in basic medium, the 
adduct 8 is formed, whereas phenylmethylsulfone yields 9-methylacridine, since the 
adduct 9 eliminates phenylsulfinic acid: 


NO» 


CH.NO, PhSO,CH, CH; 
EtONa 
HMPTA 
eer {606 gee 
N 77% oe - et) N~ 
H 
8 9 


9-Haloacridines and 6-halophenanthridines readily undergo SyAr displacement reac- 
tions by analogy to the corresponding pyridine, quinoline, and isoquinoline compounds. 

Phenanthridine forms REIssERT compounds, for example, 10, with R-COCI/KCN by 
N-acylation and cyanide addition to C-6: 


KCN, 
gir eS 
Zs N 


(3) Reduction and oxidation 


Reduction of phenanthridine likewise occurs at the C-6/N (— 5,6-dihydrophenanthridine 
(11)) by catalytic hydrogenation or on treatment with Sn/HCl. 

Reduction of acridine occurs in the pyridine ring (with Zn/HCl) giving rise to 
9,10-dihydroacridine (12) and in the benzene rings (by catalytic hydrogenation with Pt in 
hydrochloric acid) providing the pyridine derivative 13: 
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Oxidation of acridine by dichromate in acetic acid yields 9-acridone (14); perman- 
ganate in an alkaline medium gives oxidative degradation to quinoline-2,3-dicarboxylic 
acid (15): 


O 

Na,Cr,0, Pers: 
N COOH 
H 


Phenanthridine is oxidized by sodium hypochlorite to 6-phenanthridone (16); 
quinoline-3,4-dicarboxylic acid (17) is obtained by oxidative degradation with ozone, 
followed by treatment with alkaline H2O) solution: 


The following methods are of preparative value for the synthesis of acridines [221] and 
phenanthridines [222]. 


(1) Primary arylamines yield acridines 18 by condensation with aldehydes in the 
presence of strong mineral acids (H,SO4, HCl) followed by dehydrogenation (ULLMANN 
synthesis): 


R 
OL? 
2 R'- + R H*, FeCl, , S ; 
H* | —H,0 A 
Y Retls | 1-2H 


R 
“Oo a “OL 
NH» HaN 


Bis(o-aminophenyl)methanes 19 are formed as intermediates; they cyclize by an un- 
known mechanism to 9,10-dihydroacridines 20, which are dehydrogenated, for example, 
by FeCl, to yield acridines 18. 
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(2) Diphenylamine reacts with carboxylic acids in the presence of Lewis acids (e.g., 
AICl;, ZnCl.) to afford 9-substituted acridines 21 (BERNTHSEN synthesis): 


+ R-COOH 
OL O _Lewis acid acid 
N - HO - “THO 
H 


Alternatively, acridines 21 are obtained from o-arylaminophenyl ketones 22 by cy- 
clodehydration with strong acids (H,SO4, polyphosphoric acid). Both cyclizations are 
interpreted as intramolecular SyAr reactions. 

(3) (0-Arylamino)benzoic acids 23 cyclize to acridones 24 mediated by strong acids, and 
to 9-chloroacridines 25 on treatment with POCI;: 


O Cl 
COOH 
S Za + S 
Re je Fait fl pe _POCls. pit Spe 
Z S —H,0 Z~\ NF Nata 
H 23 H 24 25 
—ROH Z 
—pncoon | 420 aR? 
COOR S 
coe N¢.. <i RS + 
U i) I 
A,*K an an 
26 CO-Ph COOR 27 


The acids 23 are obtained by ULLMANN reaction of o-halobenzoic acids with primary 
arylamines in the presence of Cu powder in basic medium. They also can be prepared from 
N-aryl-N-benzoyl-o-aminobenzoates 26 which are accessible by CHAPMAN rearrangement 
of imidates 27. 

(4) Phenanthridines 29 are synthesized by cyclodehydration of 2-(acylamino) 
biphenyls 28 with POCI;: 


This reaction corresponds to the BiscHLER-NAPIERALSKI synthesis of isoquinoline 
(cf. p. 413) and proceeds as an intramolecular SgAr process by way of nitrilium 
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ions as intermediates. By an analogous reaction, biphenyl-2-isocyanates 30, derived 
from 2-aminobiphenyl, yield phenanthridones 31 on treatment with polyphosphoric 
acid. 

(5) 2-Aminobiphenyl-2'-carboxylic acids 32 undergo acid-catalyzed cyclization to 
phenanthridones 33, which can be reduced (by zinc or LiAIH4) to phenanthridines 34: 


Acridine, mp 110°C with sublimation, bp 346°C, like phenanthridine, is isolated from 
the anthracene fraction of coaltar. It forms colorless needles and shows an intensely blue 
fluorescence in solution. Acridine is a weak base (pK, = 5.60). 

Phenanthridine, mp 108 °C, is a colorless, basic compound (pK, = 4.52). Itis prepared 
by cyclization of 2-(formylamino)biphenyl with POCI;/SnCl, in nitrobenzene, or by 
photolysis of benzylidenaniline: 


Ta a 


Some pharmaceuticals are derived from acridine and phenanthridine, for instance 
the antimalarial atebrin (35), which was used during World War II, and the antiseptic 
acriflavine hydrochloride A (36). 


35 36 
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Acridine dyes are amino derivatives of acridine. Acridine yellow G (38) is prepared by a 
similar method to that for pyronine G (cf. p. 340) from 2,4-diaminotoluene via the leuco 
compound 37 by a BERNTHSEN synthesis. 


HC. HC. CHs 
Falk, © O° et 
HoN NH» 2 HoN NH» HN NH» 
—___> 

=10 HN N NH> nee 


The bisacridinium salt 39 (lucigenin), on oxidation with an alkaline H2O2 solution, 
displays an intensely green chemiluminescence. The light emission is due to the excited 
state of N-methylacridone (41), formed by an electrocyclic ring opening of the initially 
formed dioxetane (40) (cf. p. 55) [223]: 


CHs , 
ae OO 
41 
2 _ 210) O 
aye i 
O 
39 40 CHs 


6.20 
Piperidine 


Structural examination of some of its crystalline derivatives shows that the piperidine 
molecule exists in a chair form with torsion angles of 53—56°. Therefore, it is slightly more 
folded than cyclohexane. The N-H bond in piperidine prefers the equatorial position. 
The enthalpy difference compared with the axial N-H bond form is ~2 kJ mol7'; the 
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enthalpy of activation for ring inversion (equatorial /axial) is +25 kJ mol”'. 


eae eo ON RH CH, 


In 1-methylpiperidine, the chair conformation with an equatorial N-CH3 group is 
more stable by 11.3 kJ mol‘ than that with an axial group. 
Piperidine has the following 1H and °C-NMR spectroscopic data: 


1H NMR (CDCls): 6 (ppm) 13¢ NMR (CDCI;): 5 (ppm) 
H-2/H-6: 2.77 C-2/C-6: 47.5 
H-3/H-4/H-5: 1.52 C-3/5: 27.2 

C-4: 25.5 


The synthesis of piperidines [224] can be carried out by the following methods: 


(1) Cyclization of 1-amino-5-haloalkanes: 


CL me CD me et te Kristene 
NH x ~HX N -2H x x =F, alkyl, ary 
R R 


The ring-closure involves an intramolecular Sy reaction. Thus, piperidines are also 
formed by cyclizing 1,5-dihalogenoalkanes with primary amines. 
(2) Reductive cyclization of pentanediamides or -dinitriles with Hz over Cu chromite: 


1 R' 
R H, 
A Cu - chromite 
es 
RHN-CO CO-NHR N 
I 
R 


(3) Catalytic hydrogenation of pyridine derivatives [225]: 


R Hp R 


.S ,. 
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Z 


N N 
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(4) RCM of «, -bisolefinic N-allyl-N-butenylamines of type 2 or 4 and subsequent 
hydrogenation [226]: 
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These RCM strategies start from imines 1 and usually involve either addition of 

an allyl organometallic followed by N-allylation (3, route A) or addition of a vinyl 
organometallic followed by N-butenylation (+5, route B). If R? carries chiral information 
(chiral residue or auxiliary), this methodology leads to 2-chiral piperidines (6). 
(5) 4-Piperidones, for example, 9/10, are important piperidine derivatives. Several 
methods can be used for their synthesis, thus (a) the DiEcKMANN cyclization of the 
diesters 7 followed by “acid-cleavage’”’ of the condensation products (8 — 9) or the 
THORPE-ZIEGLER cyclization of the corresponding dinitriles, (b) the cyclization of dialkyl 
ketones or acetonedicarboxylates with aldehydes and a primary amine in a twofold 
MANNICH reaction (—10) [227]: 


O O 
1 
ROOC COOR NaOR Rt COOR een R 
AML Sr or NaH R! au“ ; 
N N —ROH N 
R? 7 R2 8 — CO, R2 


H R'NH RIN 
+ R2-NHp Re R2 


Piperidine is a colorless liquid, miscible with water, and of an unpleasant smell with 
a bp of 106°C. It has properties typical of a secondary amine and is a stronger 
base (pK, = 11.2) than pyridine (pK, = 5.2). It is produced commercially by catalytic 
hydrogenation of pyridine. 

Of historical interest are some transformations with cleavage of the piperidine ring, 
which were formerly used for establishing chemically (i.e., without use of spectroscopic 
methods) the constitution of piperidine derivatives. 


O oO 
O : ROOC COOR H 
4 RIX H . (2) acid cleavage 
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(1) Exhaustive methylation at the piperidine nitrogen followed by a Hofmann degra- 
dation of the resulting quaternary ammonium hydroxide, for example: 


C 2 eS | Sy Ag,O, H,O cc © 
® | sg re) OH 
- Ht N — Agl = N 


H3C’ “CH H3C ‘CH 
a cr) |. (1) CHgl 
4 ; 5 na.0 ci — ~ 
~H,0 No 
° HC’ ‘CH, (3) A, - N(CH) 


If this reaction sequence is carried out on piperidine, penta-1,4-diene is formed, which 
rearranges to penta-1,3-diene under the reaction conditions. 
(2) Cleavage of N-alkylpiperidines with cyanogen bromide (Von Braun 1900), for 


example: 
CO CHsI CJ BrCN al 
SS —— 
-HI ON -CN 


H CHg CH, 


(3) Cleavage of 1-benzoylpiperidines with phosphorus tribromide (Von BRauN, 1910), 
for example: 


PhCOcl PBr, 
C) > C ———_> al +  Ph-C=N 
- HCl * Re 


N N 


H 
Pp 


Piperidine alkaloids occur in only a few species of higher plants. However, (S)-pipecolic 
acid (11) [228] is widely distributed in higher plants, microorganisms, and animals. 
Lobeline (13) is the main constituent of lobelia alkaloids (Lobelia inflata, Campanulaceae). 
It is a respiratory stimulant in mammals. Piperine (12) is the active ingredient in black 
pepper (Piper nigrum). On hydrolysis it furnishes piperic acid (14) and piperidine (hence 
its name) [229]: 


Other piperidine alkaloids are isopelletierine (15, occurring in the pomegranate tree, 
Punica granatum), coniine (16, the toxic constituent of hemlock, Conium maculatum, 
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Apiaceae), arecoline (17, found in the betel nut, the seed of the palm tree, Areca catechu) 
and anabasine (see p. 378). 

Piperidine alkaloids occurring in animals are pumiliotoxin B (18) and histrionicotoxin 
(19). The toxin 18 influences the cationic permeability of cell membranes and facilitates 
Ca uptake. Toxins of type 19 are interesting because of their interaction with the 
acetylcholine receptor. A number of sterol alkaloids occurring in solanaceae contain 
piperidine rings as constituents of a THF spirostructure (spirosolane type 20) or of a 
perhydroindolizine structure (solanidane type 21). Nojirimycin (22) is an aminosugar, in 
which nitrogen occupies the position of the pyranose oxygen. Both 22 and its reduction 
product deoxynojirimycin are potent 6-glucosidase inhibitors. 


; : CY 
H 


N 
15 16 CH, 17 
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21 


Tropane alkaloids, which occur abundantly in nature, contain the saturated C;/C, 
ring framework of tropane (23, N-methyl-8-azabicyclo[3.2.1Joctane). Atropine and 
hyoscyamine (ester of tropine (24) with racemic tropic acid and L-tropic acid (25)) 
are important examples. They occur in deadly nightshade (belladonna), henbane, and 
thornapple. They are parasympatholytic drugs (anticholinergics), blocking the action of 
acetylcholine at postganglionic cholinergic nerve endings. Cocaine (26, the benzoate of 
ecgonine methyl ester (27), configuration 2R,3S), is the main alkaloid constituent of the 
South American coca plant. It is a local anesthetic and narcotic and inhibits the uptake 
of noradrenaline in membranes. 


H,c°N H,c7N CH,OH H,c-N COOCH3 
Ph—{-y 2 
COOH por 
OH 26: R = OCOPh 


23 24 25 27:R=H 
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The piperidine ring is probably the most common heterocycle occurring in pharma- 
ceuticals. Piperidine is often used as a secondary amine in the synthesis of drugs. The 
local anesthetic bupivacaine (28, used as the racemate or the (S)-enantiomer levobupiva- 
caine) is a pipecolinic acid derivative. The antihistamine bamipine (29) and the analgesic 
fentanyl (30) are derived from 4-aminopiperidines. The antidiarrheal diphenoxylate (31) 
and the antiparkinsonian agent budipine (32) are 4-arylpiperidine derivatives. 


Or ~O 
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N 
Pe e 0 OL 
HC OQ 
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6.21 
Phosphabenzene 


Formal replacement of a CH group by trivalent phosphorus in benzene results in 
the formation of 43-phosphinine (1), also known as phosphabenzene. Replacement by 
pentavalent phosphorus yields \°-phosphinine (2). Saturated six-membered rings 3 with 
trivalent phosphorus are known as phosphinanes. 


P “Pe P 
R’ *R' fi 
1 2 3 


Phosphabenzene possesses the geometry of an expanded planar hexagon, as shown 
by the X-ray structure of the 2,6-dimethyl-4-phenyl derivative (see Figure 6.15). By its 
NMR data, phosphabenzene satisfies the criteria of a delocalized 6m-heteroarene with a 
diamagnetic ring current. However, the electron distribution between f- and y-positions 
is the reverse of that of pyridine (see p. 298): 
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173.4 ~P°174.6 


Figure 6.15 Bond parameters of the phosphabenzene system in 2,6-dimethyl-4-phenyl- 
23-phosphinine (bond lengths in pm, bond angles in degrees). 


7H NMR (CDCls): 6 (ppm) 13¢ NMR (CDCI;): 5 (ppm) 
H-2/H-6: 8.61 C-2/C-6: 151.1 

H-3/H-5: 2.72 C-3/5: 133.6 

H-4: 7.38 C-4: 128.8 


A comparison of the electronic spectra of their 2,4,6-tri-tertbutyl derivatives shows fur- 

ther differences between phosphabenzene and pyridine. The longest wave UV absorption 
of both systems is almost identical (262 nm), but phosphabenzene can be ionized (8.0 
and 8.6eV) more easily than pyridine (8.6 and 9.3 eV). Supported by MO calculations, 
it was concluded that the HOMO in phosphabenzene is a n-orbital, whereas that in 
pyridine is the n-orbital of nitrogen [230]. Phosphabenzene can be regarded as a x-donor 
system and pyridine as a (1-deficient) o-donor system. 
The reactions of the phosphabenzene system [231] confirm these conclusions. Phos- 
phabenzenes have low basicity toward “‘hard’’ acids. They are not protonated by 
CF3;COOH nor alkylated by trialkyloxonium salts. However, ‘“‘soft’’ acids attack at 
phosphorus. For instance, 2,4,6-triphenylphosphabenzene forms compounds 4 with the 
hexacarbonyl derivatives of Cr, W, and Mo in which the phosphorus coordinates to the 
metal, possibly with metal-P back-donation. The complexes 4 rearrange photochemically 
or thermally affording the 61-heteroarene complexes 5. Although 2,4,6-triphenylpyridine 
is protonated on nitrogen, it undergoes complex formation with chromium hexacarbonyl 
exclusively on the phenyl moieties yielding the y°-arene complexes 6 [232]. 


Ph Ph 
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In almost all other reactions of phosphabenzene, the P atom is involved. For 
instance, hexafluorobut-2-yne undergoes a (4+ 2)-cycloaddition furnishing the 
1-phosphabicyclo[2.2.2]octa-2,5,7-triene 7: 


CF, 
R 
CF F3C R 
“A 
CLs il —~ gg: 
R” ~P R 
CF3 R R 
Nucleophilic and radical reagents transform A?-phosphinines into 1°-phosphinines. 


For instance, with alcohols or amines in the presence of Hg(II) acetate, 1,1-dialkoxy-, or 
1,1,-diamino-d°-phosphinines 8 are formed: 


R R —Hg R7 SPER -HNu= ROH, RoNH 
R Nu’ Nu 
+Hg(OAc)2 | y ae J + HNu 
— ) wae 7 > l ...-! —HOAc, - Hg 
=~ 
Bp tet Oy R~ SPOR 
Hg(OAc)> ee ee 
9 10 


The adduct 9 is postulated as an intermediate, in which Hg(OAc), acts as a Lewis acid 
toward the heterocycle; 9 reacts in two steps with the nucleophile, namely with reduction 
of Hg(II) to Hg(0) and conversion of 10 into the product 8. 

Organolithium compounds add to phosphabenzenes producing deep-blue phos- 
phabenzene anions 11 which undergo alkylation on P with alkyl halides yielding 
°-phosphinines 12: 


. R R 
ine S 1 SS o> 
Co | ope} Ol + 6h 
R~ ~P7 ~R R~ ~P7~R —LiX R” POR RoPs sR 
7 Sp R'“@R 
R' a‘: 12:R'=alkyl,aryl =o 
11 13: R'=Cl 


Photochlorination of phosphabenzenes brings about radical addition of halogen to 
phosphorus to give 1,1-dichloro-A*-phosphinines 13, which undergo further substitution. 

2°-Phosphinines react as cyclic phosphonium ylides, for example, 12a = 12D. 
In contrast to 4-methylpyridine or 4-methylpyridinium salts, the system 14 does 
not undergo deprotonation. However, it suffers hydride abstraction forming discrete 
carbenium-phosphonium salts 15. Subsequent reaction with nucleophiles affect the 
side-chain: 
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CHs BFO HC—Nu 
S + + Phyo BE, Bro S 
Ls hag 
R~~P7>R —HCPhg R~ ~P7~R 
HgCO” ‘OCH, HCO’ oct, HCO’ Roch, HCO’ ‘OCH; 
14 15 
There are two convenient methods for the synthesis of phosphabenzenes [233]. 


(1) 2,4,6-Trisubstituted pyrylium salts yield 2,4,6-trisubstituted phosphabenzenes 16 
(MARKL, 1966) when treated with phosphanes such as tris(hydroxymethyl)phosphane, 
tris(trimethylsilyl)phosphane or phosphonium iodide (according to the general principle 
of pyrylium reactivity, cf. p. 300): 


R2 R2 
S ° "PH3" NN 
| 2 x _— HX | 2 16 
R! e R! a6 R! P R! 
= Wie 


(2) The synthesis of the parent compound is not possible by method (1). It 
is achieved by reaction of penta-1,4-diyne (17) with dibutyltin hydride forming 
stannacyclohexa-1,4-diene 18 by a cyclization/addition sequence. Tin-phosphorus 
exchange by phosphorus tribromide converts 18 into dihydro-A?-phosphinine 19 which, 
on dehydration with DBU (AsHE, 1971), yields the phosphabenzene: 


~ HSn(nBu) oO nc ee DBU ZA 
—_> 
aN ee ear al 


= orn al P 


18 19 


The corresponding six-membered heterocycles with As, Sb, and Bi (arsabenzene, 
stibabenzene, and bismabenzene) have been prepared by this method. 

4-Substituted phosphabenzenes 23 are obtained from 4-methoxy-1,1-dibutylstanna- 
cyclohexa-1,4-dienes 20 by an extension of this method: cleavage of the C-Sn bond by 
butyllithium gives 1,5-dilithiopenta-1,4-dienes 21; heterocyclization of 21 with butoxy- 
dichlorophosphane and reduction of the resulting dihydrophosphinines 22 with LiAlH, 
affords 23: 


OCH, OCHs R_ OCH, R 


R 
BULL eee -OnBu LiAIH, 
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A-Phosphinines with a fused benzene ring, such as phosphanaphthalene (24), phos- 
phaanthracene (25), and phosphaphenanthrene (26), have also been prepared. 
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6.22 
1,4-Dioxin, 1,4-Dithiin, 1,4-Oxathiin 


The parent compounds 1,4-dioxin (1) and 1,4-dithiin (2) are known; 1,4-oxathiin (3) is 
not known. 


X-Ray analysis (e.g., 2: bond lengths C=C 129 pm, C-S 178 pm; bond angles C-S—C 
100.2°, S-C-C 122.6° and 124.4°) shows that the systems 1 and 2 have the planar 
geometry of a slightly distorted hexagon. The NMR data (e.g., 'H NMR, 1: § = 5.50, 2: 
5 = 6.13) prove 1 and 2 to be a cyclic vinyl ether and a vinyl thioether, respectively, with 
no ring current effects. 

X-Ray crystal analyses of the dibenzo derivatives dibenzo[1,4]dioxin (4), thianthrene 
(5), and phenoxathiin (6) show, that 4 is planar, but 5 and 6 have a folded structure. 


CLO OL OL 


Among the reactions of 1,4-dioxins and 1,4-dithiins, oxidation of their tetraphenyl and 
dibenzo derivatives is relevant. In the course of one-electron transfers (defined by 
polarography), radical cations 7 and dications 8 are formed: 


Yk = YK = Xk 


Tetraphenyl-1,4-dioxin forms a blue-violet radical cation with SbCl;; on further oxida- 
tion, a green dication is obtained. However, tetraphenyl-1,4-dithiin with SbCls yields a 
violet dication (as hexachloroantimonate). The dications 8 can be regarded as HUCKEL 
aromatic 61-systems, in contrast to the parent compounds 1-3. 

The syntheses of the tetraaryl and dibenzo systems [234] are of interest. 
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(1) Tetraaryl-1,4-dioxins 11 are formed by cyclocondensation of a-hydroxy ketones with 
HCl in CH30H followed by MeOH elimination in the intermediate acetals 9 and 10 with 
Zn/acetic anhydride: 


HCI OCH; H3CO Zn 
Ar 0 CH3OH AN OL ar Ar—[-O._ Ar Ac0 Arx_LO. Ar 
5 a | : , oe 
A O° ~A Ar oO r 
Ar~~OH r r ita Ke or 
9 10 11 


Tetraaryl-1,4-dithiins 13 are obtained by photolysis of 4,5-diaryl-1,2,3-thiadiazoles. This 
involves N2 elimination and ring contraction to afford thiirenes 12, which dimerize 
forming the dithiin system. 


N hv 2x Ar. S Ar 
NS 
i pa) oe 
Ar S —Np Ar Ar~ ~S* ~Ar 
13 


(2) Dibenzo-1,4-dioxins are prepared from o-halophenols on treatment with Cu powder 
in the presence of Ky7CO3 or from thermolysis of 2-(2-hydroxyphenoxy)diazonium salts 
[235]: 


OH re) R F : O 
oo 2. ad — od 
~ ie = 
fe) te N, O 


Phenoxathiins are obtained from the interaction of diphenyl ether with sulfur in the 
presence of AICl;: 


OO 48+ OOS 


Polychlorinated dibenzo-1,4-dioxins are extremely toxic compounds [236] which are diffi- [>] 
cult to degrade biologically. Above all, this applies to 2,3,7,8-tetrachlorodibenzo[1,4]dioxin 

(15) (Seveso dioxin, TCDD), which is teratogenic. TCDD (LDso = 45 ugkg | in rats) is 
formed as a byproduct in the commercial synthesis of 2,4,5-trichlorophenol (14), which 

is a precursor in the production of the germicide hexachlorophene (16) and the herbicide 
(2,4,5-trichlorophenoxy)acetic acid (17): 
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6.23 
1,4-Dioxane 


According to electron diffraction studies, 1,4-dioxane exists in a chair conformation 
with a dihedral angle of 57.9°, that is, with more folding than cyclohexane. The 
bond distances are C-C 152 pm and C—O 142 pm; the angles are C-C-C 105° and 
C-O-C 112°. 

The enthalpy of activation for the ring inversion of 1,4-dioxane is 40.6 kJ mol’. The 
H-atoms resonate at 5 = 3.70 in the ‘H NMR spectrum (CDCI;) and the C-atoms at 
6 = 67.8 in the °C NMR spectrum (CDCl;). The difference in the chemical shift between 
the equatorial and axial hydrogens is 1.74 Hz. 

Halogen atoms in 1,4-dioxane prefer to occupy an axial position, favored by an anomeric 
effect. For this reason, trans-2,3-dichloro-1,4-dioxane cae the ~ ow 1: 


Moreover, the dihedral angle between the two hie bonds becomes smaller 

than 180° and the dioxane ring is flattened (2) because of repulsive synclinal inter- 
action between the halogen and oxygen atoms. This effect is more pronounced with 
trans,cis,trans-tetrachloro-1,4-dioxane (3) (dihedral angle 151°; cf. 162° in 2). 
In their reactivity, 1,4-dioxanes show the behavior of cyclic ethers. For instance, 
1,4-dioxane forms peroxides and undergoes chlorination yielding the 2,5-dichloro and 
2,3-dichloro compounds (4/5). HBr causes ether cleavage to give bis(2-bromoethyl)ether 
(6); likewise, ring-opening occurs with acid chlorides in the presence of AIC]; 
(— 1-acyloxy-2-chloroethane 7) or with acetic anhydride in the presence of FeCl; 
(— acetates 8/9). 
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Syntheses of 1,4-dioxanes are carried out by classical methods used for dialkyl ethers (as 
exemplified for the parent system), namely 


(1) acid-catalyzed cyclodehydration of 3-oxapentane-1,5-diols 10, 

(2) action of bases on 5-halo-3-oxapentan-1-ols 11 (Sy reaction in analogy to the 
WILLIAMSON synthesis), 

(3) reaction of 3-oxa-1,5-dihalopentanes 12 with alkali hydroxides, 

(4) acid-catalyzed cyclocondensation of 1,2-glycols with oxirane. 


OH OH O OH LX 


o CS a & a CS "1 
OS Soa SS Cle De 


_HX (X = Cl, Br) 
-x 


1,4-Dioxane, mp —12°C, bp 101°C, is a colorless liquid of pleasant odor, hygroscopic, [|] 
and miscible with water and most organic solvents. 1,4-Dioxane is widely used as a 
solvent and is prepared (1) by cyclodehydration of ethylene glycol or diglycol, (2) by 
dimerization of oxirane; for both reactions, acid catalysis is required. 


OH OH 


Cae CS a OC ee 


Due to the n-electron donor quality of oxygen, 1,4-dioxane forms stable adducts with 
Lewts acids and other acceptor molecules. These adducts are important as reagents in 
organic synthesis. For instance, the dioxane—SO; adduct 13 is used for the sulfonation 
of alcohols and alkenes, the dioxane—BH3 adduct 14 is a hydroboration agent, and 
the dioxane—Br, adduct 15 is employed for controlled bromination, for example, of 
furan (cf. p. 63). 

13: L=SO3 

14:L=BH 

(L = Lewis acid) 15:L=Bry 
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6.24 
Oxazines 


Oxazines [237] are structurally derived from 2H- and 4H-pyrans by replacing either a 


CH) unit by NH or a CH unit by N. Hence eight oxazines (1-8) and nine benzoxazines 
exist. The corresponding sulfur compounds are known as thiazines. 


5 BS Oo 
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My : 
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The following compounds are of general relevance: 5,6-dihydro-4H-1,3-oxazines (9), 
some systems derived from 4H- and 6H-oxazine (5) and (6), respectively, and from 
4H-3,1-benzoxazine (10), dibenzo[1,4]oxazine (11, phenoxazine) and the corresponding 
sulfur compound (12, phenothiazine). 


N 
a ae 4G CX io 11:X=0 
9 a 2 
12 1 :X= 
ia J Xx 12:X=S 


5,6-Dihydro-4H-1,3-oxazines are obtained by cyclization of N-acyl-(3-hydroxyxpropyl) 
amines with acid, or of N-acyl-(3-bromopropyl)amines with base: 


NH Ht N Base NH 
a ———_—> | <—_____ J. 
HO~ O oe “Her Br” Of" R 


O” ~R 


Of general scope and applicability is the acid-catalyzed cyclocondensation of alkyl 
cyanides with 1,3-diols, for example, 13: 


This process is related to the RitrER reaction (i.e., the synthesis of amines from nitriles 
and olefins); the mechanism includes formation of a carbenium ion-in the above 
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case, chemoselectively due to the structure of 13 — and its addition to the nitrile (+15), 
followed by cyclization of the nitrilium ion 15 via the remaining OH group affording the 
dihydro-1,3-oxazine 14. 

As cyclic imidoesters, 2-alkyl-substituted dihydro-1,3-oxazines 14 display reactivity 
similar to that of the corresponding 2-oxazolines (cf. p. 182). The a-C-H bonds of the 
2-alkyl group are CH-acidic; they are metalated by nbutyllithium and then undergo 
C-C forming reactions with electrophiles such as haloalkanes, oxiranes, or carbonyl 
compounds. Dihydro-1,3-oxazines 16, which are obtained from 15 by a-metalation and 
alkylation, undergo reduction with NaBH, (17); acid hydrolysis cleaves off the cyclic 
aminal function of 17 giving rise to aldehydes 18: 


) nBuLi R 
NH H,0,H* 4 / 
NaBH 20, 
seus Out = pe gee ‘c—cH 
Oo HO —_— 


H 
16 R 17 RO NHp 18 


According to this sequence, the incorporation of a nitrile into a dihydro-1,3-oxazine 
leads to its a-functionalization and conversion to an aldehyde (RCH, C=N — 
RR’CHCH=0) [238]. 

1,3-Oxazinones are accessible in several structural variants. For instance, 2-substituted 
1,3-oxazin-4-ones 19 result from the cycloaddition of ketenes to isocyanates. A second 
molecule of ketene acylates the OH function of the product 19 yielding the corresponding 
O-acetyl derivative: 


4 O CH 
Ul 
ee oe IL [ h 
+ I 
fe) 1 HO* ~O~ ~R O 6h 
O7~R 19 


The 1,3-benzoxazin-4-ones 20 related to 19 are prepared by cyclodehydration of 
O-acylsalicylamides with acidic reagents: 


O O 
O ~~H,0 Pu | 
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1,3-Oxazin-6-ones 23 are prepared by thermal cyclization of 3-(acylamino)acrylic esters 
21 or by the interaction of diarylcyclopropenones 24 with nitrile oxides: 


R2 R2 R2 
R2 A R2 R2 
A ~NH —— > “SN — o i 
— R°OH C 
R°0 00 fr 4 on R! (e) oo R! 
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The reaction probably involves transformation of 21 into an acyliminoketene in- 
termediate by ROH elimination followed by 6z-electrocyclization of 22 to 23. From 
cyclopropenones 24, the heterocycle 23 is formed by 1,3-dipolar cycloaddition of the 
nitrile oxide to the C=O group (via spirocyclopropene 25). 

3,1-Benzoxazin-4-ones (26) are formed by cyclodehydration of N-acylanthranilic acids 
with acetic anhydride, POCI;, or SOC, [239]: 


H PR 
N ; NR’ 
rE 4 pal Ee ., # , 
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Benzoxazinones 26 react with primary amines by exchange of the ring oxygen for 
nitrogen giving rise to quinazolinones 27. 

3,1-Benzoxazin-2,4-diones (28, isatoic anhydrides) are prepared by cyclocondensation 
of anthranilic acid with phosgene or by a BAEYER-VILLIGER oxidation of indole-2,3-diones 


(isatins) with peroxy acetic acid: 
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The parent system (28, R=H) is commercially produced by a modified HorMann 
degradation of phthalimide. It can be used as a building block in benzodiazine synthesis 
(for an example, cf. p. 496). 

Efavirenz (29) is an anti-HIV drug of the 3,1-benzoxazin-2-one type acting as a 
non-nucleocidic reverse transcriptase inhibitor. 

1,3-Oxazinium salts 30 are the 3-aza analogs of pyrylium salts. They are obtained (1) 
by cyclocondensation of B-chlorovinyl ketones with nitriles or (2) by cyclocondensation 
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of alkynes with N-acylmethanimidoy]l chlorides catalyzed by SnCl:: 


Cl Cl 
a N _Sncly SnCl CH Ai 
+g oo <n ««E 
RIO Re Hel >. RI Oo R2 
1/2 ae - 

30 


The reactivity of 1,3-oxazinium salts is comparable to that of pyrylium salts. Nucle- 
ophiles are added at C-6 and, after ring-opening and recyclization, incorporated into the 
new heterocyclic ring system. Thus, 1,3-thiazinium salts 31 are obtained with H2S and 
subsequent treatment with HC1O,: 


Sn ‘N S) 
| 5 msn LS 
R'“o% “re * RIO sor? 
® 


Phenoxazine (11) is obtained by thermolysis of o-aminophenol in an acid medium, 
such as a mixture of o-aminophenol and its hydrochloride. Phenothiazine (12) is 
prepared by heating diphenylamine with sulfur in high boiling solvents (BERNTHSEN 
synthesis): 


Ol. ae coo 2+ io 


11:X=O0 
12:X=S 


Phenoxazines and phenothiazines are also obtained by reductive cyclization of 
o-nitrodiphenylethers or o-nitrodiphenyl sulfides, respectively, with triethyl phosphite: 


HOR 
OL: (EtO)3P eee 32:X=O 

pee _ 
Ae Xx 33:X=S 
R 
R 
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80-8 =00o -oo~ 
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In this process, the nitro group is deoxygenated to a nitrene 34, which cyclizes to a 
spirobetaine intermediate 35 by ipso attack on the second benzene ring. The conversion of 
35 to the heterocycles 32 or 33 by expansion of the five-membered spiro ring system to an 
annulated six-membered ring can be regarded as analogous to a SMILES rearrangement. 
'D| The phenoxazine moiety occurs in pigments of fungi, lichen, and butterflies, and also in 
the ommochromes which are responsible for the color of the pigments in some insects. 
Xanthommatin (36), which contains a quinonoid phenoxazone chromophore isolated 

from the secretion of the fox-moth, is an example: 


HN R R 
NH O NH 
N NH, oO MeVal. 
Ss R= Thr Yar 
re) O ps Val—Pro 
CH3 CH3 
36 37 


The orange-red actinomycins 37 (WAKsMAN, 1940) found in various types of strep- 
tomyces are 2-aminophenoxazone-1,9-dicarboxylic acids which are linked as amides to 
cyclic pentapeptide units. They are able to intercalate into DNA and are employed as 
cytostatic agents in tumor therapy. 

The phenothiazine structure is found in a number of pharmaceuticals used as 
antihistamines, antipsychotics, sedatives, and antiemetics. Examples are the neuroleptic 
chlorpromazin (38) and the sedative promethazine (39): 


aa 
seommees 


Phenoxazine and phenothiazine dyes are basic dyes which possess a delocalized 
quinone iminium chromophore analogous to phenoxazone. They are derived from the 
classical dyes Meldola Blue (40) and Lauth’s Violet (41): 


Cg SOL») 


41 


Capri Blue (42) is prepared by condensation of N,N-dimethyl-4-nitrosoanilinium 
chloride with 3-diethylamino-4-methylphenol. The intermediate is the salt of a substituted 
phenylquinone diimine (indamine), which is oxidized by excess of the nitroso compound: 


6.25 Morpholine 
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Methylene Blue (43) results from oxidative coupling of 4-amino-N,N-dimethylaniline 
and N,N-dimethylaniline with Na,Cr,O, in the presence of Na2S203. Again, the 
intermediate is an indamine salt, which undergoes cyclization giving the salt of 
3,7-bis(dimethylamino)phenothiazine (leuco form of Methylene Blue). Its dehydration 
produces the dye (Caro, 1876, BERNTHSEN, 1885): 


oe 
+ Cage fol Oe 
(H3C) N(CHs) 
(H3C)oN N(CH3)o 3 )eN7 3)2 
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Reducing agents transform Methylene Blue into the yellow leuco form, which is 
reconverted to the dye by atmospheric oxygen. For this reason it is used as a redox 
indicator. 


6.25 
Morpholine 
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Morpholine (tetrahydro-1,4-oxazine) adopts a chair conformation. The enthalpy difference 
between the equatorial and axial position of the NH group (2.63 kJ mol7') is similar to 
that for piperidine (see p. 430) and favors the equatorial conformation. 


H 
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The barrier to ring inversion of 4-methylmorpholine (48.1 kJ mol‘) is comparable to 
the value (49.8 kJ mol‘) found for 1-methylpiperidine. 

The morpholine protons resonate at 5 = 3.65 (H-2) and 2.80 (H-3) in the 1H NMR 
spectrum, and the C-atoms at 5 = 68.1 (C-2) and 46.7 (C-3) (CDCl) in the 8C NMR 
spectrum. 

Morpholine and N-substituted morpholines 1 are obtained (1) by cyclization of 
bis(2-aminoethyl) ethers or (2) by cyclocondensation of bis(2-chloroethyl) ethers with 
ammonia or primary amines: 


wee ae con = 


(if R= H) 


2,3-Disubstituted morpholines 2 are prepared from N-benzyl protected 2-amino- 
ethanols and oxirane in the presence of 70% H2SO, followed by catalytic debenzylation: 


HOUR" 
Q Zee —HS oe roc ee 
+ HN ~R? 
L\ le 7 HO — Ph- ee 
Ph — 


2-Oxomorpholine derivatives 3 may result from cyclocondensation of a-amino- 
carboxylic esters with oxirane or from N-substituted 2-aminoethanols with 
a-bromocarboxylic esters: 


. a 
NH Bry_UR 
ne =a OH R'O~ NO 


— R"OH 


Morpholine, bp 128°C, is a colorless, hygroscopic liquid, miscible with water, and 
as a result of the inductive influence of the oxygen atom it possesses lower basicity 
(pK, = 8.4) than piperidine (11.2) and piperazine (9.8). Morpholine is synthesized either 
by acid-catalyzed cyclodehydration of bis(2-hydroxyethyl)amine or from bis(2-chloroethyl) 
ether and NH3. Morpholine, like piperidine, is used as a basic condensing agent and as a 
solvent. In industry, it is employed as an additive to the feed-water, inhibiting corrosion 
in steam boilers. 

Like piperidine, morpholine is used in pharmaceuticals as a secondary amine compo- 
nent. One of the drugs derived from morpholine as a heterocycle is viloxazine (5), which 
can be obtained from the oxirane 4 by reaction with ethanolamine hydrogensulfate. 
Structurally related to 5 is reboxetine (6, in the form of the (S,S)-(++)-stereoisomer). Both 
5 and 6 are effective as antidepressants. 


6.26 1,3-Dioxane | 449 


OC3Hs O (1) HN A~_0803H OCHs 
° (2) NaOH CL 
4 > 


Several N-alkyl-2,6-dimethylmorpholines, for example, dodemorph (7, acetate or ben- 
zoate), are used as fungicides and bactericides. 


6.26 
1,3-Dioxane 


1,3-Dioxanes are cyclic acetals or ketals. Their five-membered ring homologs are the 
1,3-dioxolanes (cf. p. 162). 

According to X-ray studies, 1,3-dioxanes adopt a chair conformation, especially 
in 2-substituted derivatives, as for instance 2-(p-chlorophenyl)-1,3-dioxane (1) (see 
Figure 6.16). The grouping O/C-2/O, which has a dihedral angle of 60-63°, is puck- 
ered more strongly than the alicyclic part C-4/C-5/C-6, which has a dihedral angle of 
53-55°. With a bond length of 149-151 pm, the C-C bonds are significantly shorter in 
1,3-dioxanes than in cyclohexane (153.3 pm). Hence the dioxane ring is more compact 
than the cyclohexane ring. The energy of activation for ring inversion was calculated to 
be 41 kJ mol and is almost the same as the value for 1,4-dioxane (see p. 440). 


(p-chlorophenyl) 


Figure 6.16 Bond parameters of the 1,3-dioxane system in 2-(p-chlorophenyl)-1,3-dioxane (bond 
lengths in pm, bond angles in degrees). 
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1,3-Dioxane shows the following 1H NMR and 3C NMR spectroscopic data: 


1H NMR (CDCls): 6 (ppm) 13¢ NMR (CDCI;): 5 (ppm) 
H-2: 4.70 C-2: 95.4, 

H-4/H-6: 3.80 C-4/C-6: 67.6 

H-5: 1.68 C-5: 26.8 


Alkyl and aryl groups in the 2-position of the 1,3-dioxane ring prefer the equatorial 
position. The axial position is more destabilized (AG~13-17 kJ mol ') than in the 
alicyclic part of the molecule (AG ~ 3-5 kJ mol '). This is due to stronger folding of the 
O-C-O apex of the 1,3-dioxane ring and the ensuing greater diaxial 1,3-interaction (2). 
The axial position is favored by electronegative substituents at C-2 by about 2 kJ mol! 
due to an anomeric effect (see p. 317), for example, with OCH3. Electron-attracting 
groups in the 5-position, such as F (not, however, Cl and Br), SOR, SO2R, sulfonium, 
and ammonium, prefer the axial arrangement. This effect may be due to electrostatic 
interaction with the oxygen atoms (3). 


(A = acceptor) 


5-Hydroxy groups also occupy an axial position in 1,3-dioxane because they form 
hydrogen bonds to the oxygen atoms of the ring (4). 
|B As cyclic acetals or ketals, 1,3-dioxanes are hydrolyzed by aqueous acids to give 1,3-diols 
and carbonyl compounds: 


O R' ‘ OH R' 
<. +Ht O” 37 
oot a ey 
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An oxonium ion is formed (5 — 6) in the rate-determining step after a reversible 
O-protonation and O/C-2 fission. Its formation is also responsible for the epimerization 
of 5-substituted 1,3-dioxanes, and is brought about by the action of nonaqueous protic 
or Lewis acids. It is important for the conformational analysis of these systems (by 
equilibration of the conformers 7 and 8, which occupy an equatorial and an axial position, 
respectively). 
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1,3-Dioxanes are liable to undergo thermal ring cleavage. For instance, at 350°C 
1,3-dioxanes 10 react with cleavage of the O-3/C-4/6 bond and formation of the ester 9; over 
SiOz or pumice, cleavage occurs mainly at the O/C-2 bond producing f-alkoxyaldehydes 


11: 
CH3 A A H 
fe) 350 °C oO SiO» 
Jk —— eae O 


O” ~R 
9 10 11 


12 ~O“R Oo” *R 43 


It is assumed that primarily H-abstraction from C-2 and C-4 or C-6 takes place, 
producing the oxygen-stabilized radicals 12 and 13; subsequently, O-C cleavage and 
H-transfer affords the products 9 and 11. 

The most important synthesis of 1,3-dioxanes is the acid-catalyzed cyclocondensation of 
aldehydes or ketones with 1,3-diols; use of p-toluenesulfonic acid and azeotropic removal 
of HO yields the best results: 


Like all acetalizations, 1,3-dioxane formation is reversible; it finds wide application for 
establishing the 1,3-dioxane moiety as protective group for carbonyl compounds, as well 
as for systems with a 1,3-diol structural element. 

For instance, hexoses are converted to so-called benzylidene derivatives [240] by reaction 
with benzaldehyde in the presence of LEwts acids; as shown for the conversion of the 
a-methylglycoside 14, the 6-OH and 4-OH groups (arranged as 1,3-diol) participate in 
1,3-dioxane formation (—>15) and thus are protected simultaneously: 


Oo 
6 OH ph—& oe 
HO 4 fe) ZnClo i ee fe) 
HO SD He HO ay 
OCHg OCH 
14 15 


The formation of 1,3-dioxanes often competes with that of 1,3-dioxolanes in their 
reaction with open-chain polyhydroxy compounds, as exemplified by the reaction of 
glycerol with formaldehyde: 
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1,3-Dioxanes can also be obtained by the acid-catalyzed condensation of alkenes with 
aldehydes, preferably with formaldehyde (Prins reaction) [241]: 


“j~ Ht (eal 01 
R“S + 2 HC=O  ———> 1 16 (R = alkyl, aryl) 
a) R 
(1)+H*— + ~CHjOH bees 
| eee 
(2)+RS i | HO 
OH +H,0 OH OH ° 


Electrophilic addition of the protonated aldehyde to the alkene yields a carbenium ion, 
which adds water to give a 1,3-diol 17. Acetal formation of 17 with another molecule of 
aldehyde affords the 1,3-dioxane 16. 

(5-Methylene)-1,3-dioxane-4-ones 19 are formed from aryl acrylates and aliphatic 
aldehydes in the presence of 1,4-diazabicyclo[2.2.2}octane (DABCO) via the products 18 
of a Baytis-HILLMAN reaction [242]: 


“ 
O 

RX R~ ~OH HOA R oR 
H 18 19 


[D] 1,3-Dioxane is a colorless liquid, bp 105 °C, readily soluble in all common solvents. It is 

prepared from formaldehyde and propane-1,3-diol in the presence of an acid catalyst. 
2,2-Dimethyl-1,3-dioxane-4,6-dione (20, MELDRUM’s acid) is obtained by cycloconden- 

sation of acetone with malonic acid. MELDRUM’s acid represents a useful building block 

in organic synthesis due to its reactivity as a malonate equivalent [243]. 

/E| Several systems derived from 1,3-dioxane, for instance (2,6 R)-2-isopropyl-6-methyl-1,3- 
dioxan-4-one (21) and (R)-2-tert-butyl-6-methyl-1,3-dioxin-4-one (23), serve as chiral 

building-blocks for stereoselective transformations (SEEBACH, 1986). 

For instance, compound 21, derived from (R)-3-hydroxybutyric acid on treatment with 
alkyl halides in the presence of lithium diisopropylamide, is a-alkylated affording the 
products 22. These show a high anti-selectivity (de > 98%) with respect to the position of 
the newly introduced 5-substituent in the 1,3-dioxane: 
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The system 23, derived from ethyl acetoacetate, undergoes MicHaet additions with 
dialkyl cuprates stereoselectively (de > 95%) yielding products 24. 

A further application of chiral 1,3-dioxanes of type 21 is the stereoselective fission of 
the 1,3-dioxane ring, for example, of 25, by silyl nucleophiles in the presence of TiCl, 
or other titanium compounds: 

R (1) (CH3)3SiR' R 
6G (2) TiClg oH ee cee 
(3) HzO O” *R' ee re ~~ ~COOH 
a2 ig. %, “wv 
Pos -X_COOH H ra 
R' = alkyl, alkynyl 
25 26 27 
— HO 
OH OH _<' 
+ R 
O oO 
28 


Thus, the chiral 1,3-dioxane system mediates the enantioselective addition of nucle- 
ophiles to an aldehyde [244], since the resulting f-alkoxycarboxylic acids 26 can be cleaved 
by lithium diisopropylamide to give the chiral alcohols 27 with elimination of crotonic 
acid. 

The chiral 1,3-dioxanes 21 and 25 are obtained from the biopolymer poly[(R)- 
3-hydroxybutyric acid] (PHB) by hydrolysis providing the chiral B-hydroxy acid 28, 
which is condensed with aldehydes. 


6.27 
1,3-Dithiane 


1,3-Dithiane is a ring homolog of 1,3-dithiolane (cf. p. 165) and thus represents a cyclic 
dithioacetal of formaldehyde. 
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1,3-Dithianes 1 substituted at position 2 are obtained by cyclocondensation of aldehydes 
with propane-1,3-dithiol: 


HgO 
Ss HBF O Ss 
aie) Ee da 
oar s H ‘s 


1,3-Dithianes are not hydrolyzed by aqueous alkali or by dilute acids. Their cleavage 
(dethioacetalization) is preferably carried out in the presence of heavy metal compounds, 
for example, mercuric oxide in the presence of tetrafluoroboric acid. 

The importance of 1,3-dithianes for organic synthesis has been recognized since 
1965 (Corey and SEEBACH). On treatment with n-butyllithium in THF at —40°C, 
1,3-dithiane (and 2-monosubstituted 1,3-dithianes) yield relatively stable and reactive 
2-lithio-1,3-dithianes, for example, 2a: 


Ss Ss 
( Bui 4 a 
r, oe a Le faa's, {@ 


Stabilization of the litho compound 2a is effected by interaction between the 
occupied 2p, orbital of the C-atom and the unoccupied 3d orbitals of the S-atoms 
(p,, — dx=bonding); Exret has shown that the equatorial H-atom is preferably substituted 
by lithium, as shown in the formula 2b. 

1-Lithio-1,3-dithianes 2/3 react with electrophiles, especially by nucleophilic substitu- 
tion of alkyl halides, for example: 


HgO 1 


os _+RP-X G x Ri _HBF, oe 
S iS ~ wie 2 R2 


Dethioacetalization of product 4 yields the ketone 5. 
The concept of “umpolung” has been developed on the basis of such reactions. It is 
defined as the change in polarity of an atom in a functional group from electrophilic 
to nucleophilic character and vice versa. 2-Lithio-2-alkyl-1,3-dithiane 3 behaves like an 
“umpoled” aliphatic aldehyde R-CH=O. Aldehydes as electrophiles cannot react with 
alkyl halides, but after transformation of the aldehyde to the dithiane 1 and its lithio 
derivative 2, alkylation proceeds according to the sequence 1 > 3 > 4—> 5. 

Formally, the resulting ketone 5 arises from alkylation of an acyl anion with an alkyl 
halide. Therefore, 2-lithio-1,3-dithianes can be regarded as acyl anion equivalents: 


6.28 Cepham 
Numerous synthetic applications of 1,3-dithianyl anions are described [245]. For 


instance, the lithium compounds 3 undergoes nucleophilic additions with oxiranes and 
with carbonyl compounds: 
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B-Hydroxyketones and a-hydroxyketones are obtained after dethioacetalization of the 
addition products 6/7. 


6.28 
Cepham 


Cepham is a condensed ring system consisting of a 1,3-thiazan and an azetidine ring. 
The numbering deviates from IUPAC rules, as is the case for penam (see p. 212). The 
molecule is chiral. 

Cephalosporins are derived from cepham. Cephalosporin C, a metabolite of Cephalospo- 
rium acremonium, was isolated by NEwron and ABRAHAM in 1955. Its structure was 
established in 1961 by chemical methods and X-ray diffraction. It is an acid amide 
derived from (R)-a-aminoadipic acid and 7-aminocephalosporic acid. The latter is 
(6R,7 R)-3-acetoxymethyl-7-amino-8-oxoceph-3-em-4-carboxylic acid. 
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Like the penicillins, cephalosporins possess an azetidinone ring, both being B-lactam 
antibiotics (see p. 212). The fused ring is a 1,3-thiazolidine in the penicillins and 
a dihydro-1,3-thiazine system in the cephalosporins. The asymmetric C-atoms of the 
2-azetidinone ring have an (R)-configuration in both penicillins and cephalosporins, and 
this B-lactam ring is responsible for the biological activity. It causes irreversible acylation 
of amino groups in enzymes, mainly in the transpeptidases that are responsible for the 
synthesis of the peptidoglycan in the bacterial cell wall. 
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The cephalosporins have a broader spectrum of activity than penicillins, and resistance 
is less common (see p. 213). The low toxicity of the B-lactam antibiotics is due to the 
fact that the mammalian cell walls lack peptidoglycans and for this reason also lack the 
relevant enzymes. 

The total synthesis of cephalosporin C by Woopwarp, which was the subject of his 
NoBEL address in 1965 [246], is a milestone in the synthesis of complex natural products. 
The 16-step synthesis starts from cysteine, and the principal features are outlined below: 


HoN SH Boc—~ ~ Boc— e4 Boc~ D4 
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5 COOCH,CCI, g COOCH,CCl, 


The choice of (+)-(R)-cysteine 1 as starting material determines the R-configuration 
at the C-7 atom in the final molecule. The NH2 and SH groups are blocked by 
cyclocondensation with acetone and reaction with tert-butoxycarbonyl chloride yielding 
2. Introduction of an amino group 3 gives rise to the formation of the azetidin-2-one 
ring 4. This is followed by two steps (4 5 — 6) leading to the formation of the 
dihydro-1,3-thiazine ring. The final steps produce the required substituents. 

Other total syntheses of cephalosporins have since been achieved. However, they 
cannot compete with the commercial extraction from moulds or with semisynthetic 
methods. There are two possible semisynthetic ways: 


(1) Conversion of cephalosporin C into 7-aminocephalosporanic acid 8: 
Attempts at removing the 5-(a-aminoadipoyl) substituent by hydrolysis invariably result 
in fission of the lactam ring. However, the following method has proved successful: 
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cephalosporin C 


On treatment with nitrous acid, cephalosporin C yields the imino lactone 7. Its C=N 
bond is more reactive than the B-lactam ring and favors the hydrolytic formation of 8 in 
good yield. 

(2) Conversion of semisynthetic penicillins, for example, 9, into 7-acylamino-3-methyl- 
8-oxoceph-3-em-4-carboxylic ester 12 via 10/11 (penicillin rearrangement, Morin reaction 
1969) [247]. 
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This interesting reaction sequence, which is a type of PUMMERER reaction, is important 
because the production of penicillin from mould cultures can be carried out on a large 
scale, and more economically than that of cephalosporins. 

Starting from compounds with a cepham structure obtained by a partial synthesis, 
numerous semisynthetic cephalosporins have been prepared, mainly by 

* variation of the acylamino substituent at position 7 
* variation of the side chain at position 3 
* introduction of a second substituent at position 7. 

They are much more effective than cephalosporin C. Three examples serve as an 

illustration (see Chapter 5): 
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The development began in 1962 with the synthesis of cefatolin by acylation of 8 with 
(2-thienyl)ethanoyl chloride. The product is active against gram-positive bacteria and 
against penicillin-resistant staphylococci. In cefazolin, the side-chain at the 3-position is 
changed. The compound is also active against gram-negative bacteria. Cefpirome belongs 
to the new generation of cephalosporins. They are distinguished by a high efficacy coupled 
with a wide spectrum of activity even against bacteria of the pseudomonas group. Their 
stability to B-lactamases and metabolic stability are high. 
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Cephalosporins are usually administered parenterally. These drugs are the most 
frequently used for bacterial infections because of their broad activity and low toxicity. The 
B-lactam antibiotics account for about 60% of the annual worldwide sales of antibiotics, 
amounting to 11 thousand million US dollars. Of this amount, cephalosporins claim 
40% and penicillins 20%. 

The biosynthesis of cephalosporins is analogous to that of the penicillins. It is derived 
from the peptide 5-(a-aminoadipoyl)cysteinylvaline (see p. 214). First, the B-lactam ring is 
formed. This is followed by a C-H bond fission, not at the B-position but at the y-position 
of the valine building-block. However, enzymatic conversion of the penam system into 
the ceph-3-em system cannot be excluded. 


6.29 
Pyridazine 


The isomeric diazines pyridazine (1,2-diazine), pyrimidine (1,3-diazine), and pyrazine 
(1,4-diazine) are structurally derived from pyridine by substitution of one of its CH 
groups by nitrogen. 

Pyridazine has the geometry of a planar, slightly distorted hexagon (see Figure 6.17), as 
deduced from electron diffraction and microwave spectroscopy. 

The N-N bond has single bond character. Therefore, pyridazine can be described as 
a resonance hybrid with limiting structures a and b, the canonical form a making the 


CI eo 
Sr 

SyrN nN 
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major contribution: 


The 'H and 3C NMR spectra show similarities with pyridine. The additional nitrogen 
is responsible for a greater downfield shift of the ring protons and C-atoms at positions 
3 and 6: 


Figure 6.17 Bond parameters of pyridazine (bond lengths in 
pm, bond angles in degrees). 
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UV (hexane): A (nm) (e) 


1H NMR (CDCI): 5 (ppm) 


13¢ NMR (CDCI3): 5 (ppm) 


241 (3.02) H-3/H-6: 9.17 C-3/C-6: 153.0 
251 (3.15) H-4/H-5: 7.52 C-4/C-5: 130.3 
340 (2.56) 


The reactions of pyridazine and the other diazines shows relationships to pyridine and 
are classified analogously. 


(1) Reactions with electrophiles 

Electrophiles attack the N-atoms, for instance in protonation, alkylation, or 
N-oxidation. SgAr reactions at the ring C-atoms are difficult to carry out, even in the 
presence of activating substituents, due to the deactivation by the additional N-atom. 
However, N-oxidation facilitates the substitution in some cases. 


(2) Reactions with nucleophiles 

Reactions with nucleophiles occur at ring position C-4 (e.g., with GRIGNARD reagents 
[248]) or at C-3 (with organolithium compounds). They are preparatively not as important 
as the CHICHIBABIN or ZIEGLER reaction for pyridine chemistry: 


(1) H30 
RMgX 
fo Cr (2)-2H Cy 
a N° SN 
a (M = Li or MgX) ch N 

N’ R (1) H0 R 

SN + RLi oo H (2)-2H a 

——_——_—_—_—__> 
SN, Ss ON 


Pyridazine forms REIssERT compounds, for example, with TosCl/Me3SiCN or 
CICOOEt/H2C=C(OBn)OSiMe;, via N-sulfonylation or acylation and addition of the 
nucleophile to the pyridazine-3-position [249]. 

Likewise, 3-substituted pyridazine-1-oxides react with R-COCl/cyanide or 
(CH30)2SO2/cyanide in analogy to a REIssERT reaction thus functionalizing the 
6-position, for example: 


R fe) R47 
oe Za R 
ON’ Cl SN ~ oN 
101 S @| - PhCOOH NC” ~N 
-Cl OCOPh - 
py 
(CH30)2S05 = i +CN 
~CHg0S0° oN —CHOH 
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Some SnAr reactions (e.g., with amides, amines, and alcoholates) also proceed 
smoothly at pyridazines with a leaving group in position 3 or 6. Side-chain reactiv- 
ity, which is characteristic for pyridines and benzopyridines, is also observed in 3- and 
4-methylpyridazines. 


(3) Thermal and photochemical reactions 


A number of thermal and photochemical transformations of the 1,2-diazine system is 
noteworthy. Thermolysis isomerizes pyridazines into pyrimidines, as demonstrated for 
a series of perfluoro- or perfluoroalkyl-substituted derivatives (in analogy to pyridine, cf. 
p- 363). Pyridazine itself is converted into pyrimidine at 300°C; a sequence of valence 
isomerizations via diazabenzvalenes (simplified as 3 and 4) is thought to be responsible 
for this thermal conversion. 


poses > C 7] <—_—_—___—_. | —<— | ~<--- 
Ss S,,-N SS J 
N ee g oN xg. N 


In contrast to thermal isomerization, photolysis of pyridazines yields mainly pyrazines. 
The photochemical reorganization of the 1,2-diazine framework presumably involves 
intermediates of the diaza-DEwAR benzene type 1 and 2. 

Retrosynthesis of pyridazine (FGA and disconnection at the C—N bonds) leads to the 
1,4-dicarbonyl systems 5 and 6 and hydrazine as starting materials for its synthesis [250]: 


“A +2 poo, 

--| - — 
7 t LY LY 
“N = aes 


(1) Saturated and a,f-unsaturated 1,4-dicarbonyl compounds undergo cyclocon- 
densation with hydrazine via hydrazones yielding 1,4-dihydropyridazines 8 or 
pyridazines 7: 


Buk NoH, oN? ZN 
a N oo 7 iM 7 
R“So ° =e R~So "NH, | ~ 420 . 


R N 
R 
LY oo AN Bra, HOAc 
a“So O -2 _2H,O _oH 


Dehydrogenation of dihydropyridazines 8 to 7 is brought about by Br) in glacial 
acetic acid. Condensation is carried out in the presence of mineral acids to prevent the 
competing formation of N-aminopyrroles. 


6.29 Pyridazine 


y-Ketocarboxylic acids or their esters afford 6-substituted pyridazine-3(2 H)-ones 10 on 
cyclocon-densation with hydrazine and dehydrogenation of the dihydro compound 9: 


Ce NoH4 2 [aa 
——— —_—__> 
Ro OR —H5O R Sy NH -2H R Sy-NH 
— HOR 


(2) Three-component cyclocondensation of 1,2-diketones, reactive a-methylene es- 


ters, and hydrazines lead (often as a one-pot procedure) to pyridazin-3(2H)-ones 11 
(ScHMIDT-DRUuEY synthesis): 


NoH 
RL 20 CHR? — > Rt o 
+ 2. -2H,0 Fo 
O O7 “OR —HOR s NH 


a 


NoHy ! Yt 

1 R + 

1 1 

Y eee eee : 

R2 “a ‘ R2 
RL-O CHpR? a! 4 
* Z~cOOR NH 
aie o7~or oro 
— oe RI7Sn- NH» H 


Primarily, the 1,2-diketone undergoes aldol condensation with the a-CH)-acidic ester 

leading to the intermediate 12, which is cyclized by N2 Hy (in analogy to the formation of 
9). In other combinations of this three-component system, the monohydrazones of the 
1,2-dicarbonyl compounds 13 or hydrazides with a reactive a-CH) group (14) are utilized 
for pyridazin-3(2 H)-one synthesis. 
(3) Pyridazine derivatives are also formed by (4+ 2)-cycloadditions. For instance, 
tetrahydropyridazines 15 result from Diets-AtpeER reaction of 1,3-dienes with azodicar- 
boxylic ester, pyridazines 17 from addition of alkynes to 1,2,4,5-tetrazines (cf. p. 513) 
(16) followed by a retro-D1Ets-ALDER reaction (16 — 17) with N2 elimination [251]: 


R2 5 
J COOR ZR 
+ Hl Saat 1 Ny 15 
— N R'”~N"*COOR 
R COOR 

ai coo a 

1 2 

R Re ; R 
Dx Re~7/ R R2 Z R! 
NeW t Ws] opty 8 ae Nn 17 
Y = TN we ean 
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Pyridazine, mp —8°C, bp 208°C, is a colorless liquid, soluble in water and alcohols 
but insoluble in hydrocarbons (H-bridges, due to acceptor function of the N-atoms). Of 
the diazines, pyridazine has the highest basicity (pK, = 2.3, pyrimidine = 1.3, pyrazine 
= 0.4), but in common with all diazines it is much less basic than pyridine (pK, = 5.2). 
Its dipole moment (~ = 3.95 D) is higher than that of pyrimidine (j4 = 2.10 D). Pyrazine 
has no dipole moment. 

The enthalpies of formation for diazines have been calculated as 4397.8 kJ mol‘ 
(1,2-diazine), 4480.2 kJ mol! (1,3-diazine), and 4480.6 kj mol! (1,4-diazine). Thus, the 
thermodynamic stability of pyridazine is lower than that of pyrimidine and pyrazine by 
83 kJ mol7?. 

Applying the synthetic principle (1) (see p. 460), pyridazine itself can be prepared from 
maleic anhydride. Its reaction with hydrazine yields maleic hydrazide (18), which is con- 
verted by POCI;/PCl; into 3,6-dichloropyridazine (19) due to an azinone-hydroxyazine 
tautomerism; 19 gives rise to pyridazine by reductive dehalogenation with 
H)/Pd-C: 


O O OH Cl H 
POCI, Ho 
7 Yo NoHy NH SN PCls “N Pd-C l ~N 
NH ZN ZN ZN 
O O 18 OH Cl 19 H 


Relatively few pyridazine derivatives occur in nature, for example, the quaternary 
salt pyridazinomycin (20). Some pyridazine derivatives show biological activity and are 
applied as herbicides and anthelmintics, for example maleic hydrazide (18) and the 
chlorinated pyridazinones (21, pyrazon)/(22, pyridaben). The tetrahydropyridazinone 
derivative levosimendan (23) is an innovative myofilament calcium sensitizer applied as 
cardiotonic in treatment of heart failure. 
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6.30 
Pyrimidine 


According to X-ray diffraction studies (see Figure 6.18), pyrimidine exists as a distorted 
hexagon: 


Figure 6.18 Bond parameters of pyrimidine (bond lengths in 
pm, bond angles in degrees). 


As in pyridazine, the additional ring nitrogen causes stronger deshielding of the ring 
protons and C-atoms than in pyridine (cf. p. 346), as shown by the NMR spectroscopic 
data of pyrimidine: 


UV (H20): A (nm) (e) 1H NMR (CDCIs): 5 (ppm) 13¢ NMR (CDCI): 6 (ppm) 
238 (3.48) H-2: 9.26 C-2: 158.4 

243 (3.50) H-4/H-6: 8.78 C-4/C-6: 156.9 

272 (2.62) H-5: 7.36 C-5: 121.9 


Pyrimidine can be regarded as a deactivated arene moiety comparable to 1,3- 
dinitrobenzene or 3-nitropyridine. 


(1) Reactions with electrophiles 


Electrophiles attack on nitrogen in protonation, alkylation, and N-oxidation reactions. 
Electrophilic substitutions at carbon are not observed in the parent compound. Donor 
substituents (e.g., OH or NH) increase the S,Ar reactivity of the pyrimidine system (two 
substituents lead to an S,Ar reactivity corresponding to benzene, three to that of phenol) 
and enable nitration, nitrosation, aminomethylation, and azo-coupling to take place at 
the 5-position, for example: 


H 
HNO3, HOAc 
Q 20°C oN SN oN 
ok . A 
N 3 3 H 0 
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(2) Reactions with nucleophiles 


(a) Nucleophilic attack occurs at the 2-, 4-, and 6-positions. Only a few examples are 
known for pyrimidine itself, for example, addition of some organometallic compounds 
to give 3,4-dihydropyrimidines, whose dehydrogenation leads to pyrimidines: 


HR 


R 
“Nv 
(SN 0 _+RM on HO Ci _ a 
NZ (M=Lior MgX) z) “= MOH zl -2H Ld 


N 


Nucleophilic substitutions (e.g., with amides, amines, alcoholates, sulfides) in 2-, 4-, or 
6-halogeno-substituted pyrimidines finds application for the preparation of functionalized 
pyrimidines, for example: 


Cl SH S 

SN NaS SN NH 
2 The” l 2 2 

N 7 "=NaGl H.N~ ~N H.N~ ~N 


These SyAr processes occur faster at C-4/C-6 than at C-2. Dehalogenation is possible 
at all positions of pyrimidines by means of H2/Pd in the presence of CaCO; or MgO and 
can be carried out selectively at C-4 and C-6 with Zn dust in H2O or in a weakly alkaline 


medium. 
Cl H 
ney N Zn, H»O aa ie 
Cl n2o1 H n2dci 


2- and 4(6)-Alkylsulfanyl groups are readily introduced by S-alkylation of the corre- 
sponding thiones and can be substituted by nucleophiles, for example, by amines or 


H,0: 
N(CHs3). N(CH3)5 N(CHa)o 
CY CHsgl SN _HCI,H,0 ( 
y*Ss -HI NZ SCH, ~ _CHsSH Ast 


(b) The pyrimidine system shows side-chain reactivity typical of azines. CH; groups at 
the 2-, 4-, or 6-position undergo aldol condensations (with aldehydes in the presence 
of Lewis acids) or CLaisEN condensations (with esters in the presence of strong bases); 
expectedly, chemoselective attack at C-4/C-6-CH; groups is observed, for example: 


6.30 Pyrimidine 
CHs ilenie: H,C—CO-CH, 
She. (2) CH3COOEt Co 
—————__—_—_—_——qO 
i oe en 
In some cases, chemoselectivity of side-chain reactions can be controlled by the 
reaction conditions, for example, in the bromination of 4,5-dimethylpyrimidine [252]. 
Bromination under ionic conditions (Brz in HOAc) favors substitution at the 4-methyl 
group, but under radical conditions (N-bromosuccinimide (NBS) in CCl4), the 5-methyl 
group is preferentially substituted: 
CH, CHg CH,Br 
eine ne HC ion HC Ay 
is 2 tae 2 
77% 75% Nig 
(3) Metal-mediated reactions 
(a) Pyrimidine undergoes metalation, for example, with the non-nucleophilic 
Li-tetramethylpiperidide (TMP-Li), in position 4 adjacent to nitrogen. The resulting 
lithium compound (1) is unstable, but can be trapped with electrophilic reagents, for 
example, TMS—Cl (— 2) [253]: 
Y aie Li SiMe3 
NSN -75 °C SN TMS-Cl SN 
(3) = | SS OO 
N N N 
1 2 
Lithiation of pyrimidines (and other diazines) with directing groups (e.g., halogen, 
alkoxy, carbox-amide (cf. p. 353)) is straightforward and widely used for functionalization 
[254], for example, 3 > 4: 
F O 
OCH, eon OCH; (1) ph OH OCHg 
* (SN 0°C Li oo (2)H,0 4 pp : SN 
> 
sm 
Nace cock n7vocH, 
3 4 


(b) Metalation with the selective magnesium reagent TMP—MgCl x LiCl followed 
by electrophilic trapping allows chemoselective and multiple functionalization of all 
positions in the pyrimidine system [255], for example: 
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SCH, 
y MgC! & 
eC Mg-reagent Cy R-SO,-SCH, ” | ‘ 25, 
ner nav Br 6 
5 (1) Mg-reagent 
CCI.F 
(1) Ar (1) Mg-reagent 2) Corr 
iPrh (2) CuCN x 2 HCI 
i pee (2) aA ee O SCH; O ..  SCHg; 
mY (3) Pd(0), RoP mY (3) phX ‘C ‘a 
———— Cl 
ci Nar Bee EE sie AE 
7 8 9 


Mg-reagent: TMP-MgCl x LiCl 


2-Bromopyrimidine is magnesiated by TMP — MgCl x LiCl in the 4-position (—5), 
the metalated diazine 5 is reacted with R-SO2—SCH; thus introducing an SCH; group 
(— 6). A second selective metalation followed by chlorinative trapping is achieved at the 
6-position of 6 (+9); subsequently, the 5-position can be metalated (assisted by CuCN x 
2 LiCl) and trapped by acylation (9 — 8). Finally, a Pd(0)-catalyzed NecisH1 coupling of 
8 with a aryl iodide (+7 after selective Br-Mg exchange and transmetalation with ZnCl) 
completes the “round-about” functionalization of the pyrimidine system. 


Retrosynthesis of pyrimidine (see Figure 6.19) has to consider, that C-2 is at the oxidation 
level of a carboxylic acid, that is, that an amidine moiety is present in the diazine system. 
Hence, the retroanalytical operation a (FGA at C-4 and C-6, disconnection at N-1/C-6 
and N-3/C-4) lead to 1,3-dicarbonyl compounds and an amidine or comparable N-C—N 
systems as building blocks for pyrimidine synthesis. Retroanalytical operation b (FGA at 
C-2, disconnection at N-1/C-2 or N-3/C-2 giving 10 or 11) discloses alternative starting 
materials, namely diaminoalkenes 12 (or equivalents) and carboxylic acids. 
The following methods are used for the synthesis of pyrimidines [256]. 


(1) HzO 
(2) C-N-disconnection 


Figure 6.19 Retrosynthesis of pyrimidine. 
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(1) Standard approach is the cyclocondensation of 1,3-diketones with N-C-N systems 
like amidines, ureas, thioureas and guanidines, which gives rise to 4,6- or 2,4,6-substituted 
pyrimidines 13, 2-pyrimidinones 14, 2-thiopyrimidinones 15, and 2-aminopyrimidines 
16 (PINNER synthesis) [257]: 


R! 
Shy fei ne SN 
13 14 
RI ieee ic ‘ Hy Z- eee R! no 
oO 
NH 


B-Keto esters react analogously; thus, with amidines, pyrimidin-4(3H)-ones 17 are 


formed: 
R R 
7 mtn ~ ROH fo) A 


a ~2H,0 


Closely related to the PINNER protocol are (a) the base-catalyzed condensations of 
ureas with malonates to afford derivatives of barbituric acid (e.g., 18, cf. p. 473), (b) the 
condensations of ureas with cyanoacetates promoted by Ac,O (— cyanoacetyl ureides 19) 
followed by base-induced cyclization to give 4-aminouracil derivatives (19 — 20) [258]: 


1 0 1 O 
R NH, R 
NaOR 
2 OR eases om 2 NH 
“lL : no —2ROH “ly 18 
O” ~OR O a oO 
O 
NH 1 
2 AcsO Fae EtONa NH 
OR + as —— 149 ————> | 
H,N” ~O — ROH NC Z 
CN HoN* 0 H,N~ ~N* ~OH 


Masked £-dicarbonyl systems (like (alkoxymethylene)malonates or -cyanoacetates) can 
also be used as 1,3-biselectrophiles in the PINNER cyclocondensation. As the reaction 
of (ethoxymethylene)cyanoacetate and acetamidine demonstrates, the cyclization of the 
primary product 21 can be directed by the reaction medium: Acid medium favors 


467 


20 


468] 6 Six-Membered Heterocycles 


pyrimidine formation via the ester group (22), basic medium via the nitrile function 
(— 23): 


22 
H,SO. 
NC. ~COOEt HN NC. ~COOEt ay no vcH, 
l te AL —> NH 214 
HyN” ~CH3 -HOEt 


ba AL KOH 
H 3 


(2) Pyrimidine syntheses based on systems derived from 1,3-diaminopropenes or 
-propanes are preparatively less relevant. 

(a) The base-catalyzed cyclocondensation of malonamides with carboxylic esters leads to 
6-hydroxypyrimidin-4(3 H)-ones 24 (REMFRY-Hut1 synthesis): 


fe) . 9 
Rt O NaOR R 
NH, P NH 
c * . za ROH | aL 2 = 
O* ~NH2 OR HO HO* ~N* ~R 


(b) For the synthesis of uracil or thymine derivatives, a sequence starting from cyanoacetic 
acid and N-alkylurethanes is used (SHaw synthesis): 


25 
Se 0 O fe) 
UR 
ran ae RoNH> nae 
— ROH — EtOH 
a RoHN roo E10” Roo 
R° 96 27 28 


In the first step, a N-diacylamide 25 is formed, which is condensed with orthoformate 
to give the enolether 28. Aminolsysis of 28 provides the enamine 27, which cyclizes to 
the 5-cyanouracil derivative 26 by intramolecular amide formation. 

(3) Phosphazenes 29 containing an amidine moiety undergo an oxidative cycloconden- 
sation with «,B-unsaturated aldehydes to give pyrimidines of type 30 [259]: 
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Ar._,NH R? ANON R? 
er 
ee oS, — PhgPO LA, 30 
3, -2H 
29 H A 
y [O] '-2H 
Ar..NH (R? H 2 
Ar. JN. UR 
Fea ene en oe . 
a [3 = 32 
R Ng RI 
H 


In this unprecedented principle of 1,3-diazine formation, primarily an aza-W1TTIG 

reaction is likely to occur (31), followed by 6z-electrocyclization of the interme- 
diately formed 1,3-diazahexa-1,3,5-triene 31 to the 1,6-dihydropyrimidine 32 and its 
dehydrogenation to the pyrimidine 30. 
(4) Ina three-component process, a B-ketoester, a (preferentially aromatic) aldehyde, 
and urea undergo cyclocondensation catalyzed by acids, Lewis acids or metal ions to give 
3,4-dihydropyrimidin-2-ones (33), whose dehydrogenation [260] leads to pyrimidin-2-ones 
(34) (BIGINELLI synthesis) [261-264]: 


R2 
ROOC O NH 
Rik AY _cat_, ROOC (o) = ROOC_K 
+ + —_> NH —~ N 
RISO H ~ Hen" '"O _2H,0 | A 72H | A 
R'™ ~N7 SO R'” ~N7 SO 
H 


— HO 33 34 


Ht or metal catalyzed 


In the mechanism of the Brc1NELLI synthesis [265], the rate-determining step is the 
acid-catalyzed formation of an acylimine 35 from aldehyde and urea. By N-protonation 
(or metal-N-coordination), the imine 35 is activated (as an iminium ion) and intercepted 
by the B-ketoester (as enol or metal enolate) to give rise to an open-chain ureide 36, 
which subsequently cyclizes (via the cyclic ureide 37 and its dehydration) to afford 
the dihydropyrimidinone 33. Biginelli compounds of type 33 have been synthesized 
independently in multistep sequences [266]. 

The BiGINELLI synthesis shows considerable flexibility. Thus, it has been extended 
to other N-C-N systems like thioureas [267] or guanidines [268]; in the presence of a 
BINOL-derived phosphoric acid as chiral organocatalyst, formation of dihydropyrimidi- 
nones or -thiones can be conducted enantioselectively [269]. 
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(5) Polysubstituted pyrimidines 39 can be obtained from a,B-unsaturated imines 38 
and amidines or guanidines in a one-pot procedure [270]. The imines 38 are generated 
in situ in a sequential three-component process from methyl phosphonate, nitriles, and 
aldehydes (both preferentially aromatic; for the utility of 38 in pyridine synthesis, cf. 
p. 373): 


® 
NH 
(1) nBuLi Ar2 2 © Are 
a (2) Ar'— . NH ° DIPEA S 
(EtO),P-CH, “a as . si 
2 
a ae =f Art SnH | 7 NH — HCl Ar'~~N7~R 
- 38 39 


Pyrimidine, mp 22.5°C, bp 124°C, is a water-soluble, weak base that forms a 
sparingly soluble complex with HgCl. Pyrimidine is prepared by condensation of 
1,1,3,3-tetraethoxypropane with formamide over montmorillonite (BREDERECK synthesis) 
at 210 °C in the gas phase [271]: 


OEt 
“aa = 
ce i ee i _#HCONH, ia: CHO 
EtO~ ~OEt aMGet BIO" “Et SHOE EtO” “OEt 
~3 EtOH _ ee 
2HCONH, | -HCOOEt HOEt + HCONH2)""" Voom NMS i 2 
-H,0 
S H* = ~NH 
C3 ee ey Gu 
NZ — 2 EtOH EtO™ ‘ort nf 


Uracil (40), thymine (41), cytosine (42), barbituric acid (43), and orotic acid (44) are 
important pyrimidine derivatives. 


NH, 
N O a O i oO 
40 4 42 


NH (NH p NH A, 
O vo HO no HOOC ‘oo 


43 


These compounds exist in several tautomeric forms. As a rule, hydroxypyrimidines 
prefer the lactam form, aminopyrimidines, however, the enamine form. 

Barbituric acid, mp 245°C, is a cyclic ureide with a remarkably high C-H acidity 
(pKa = 4). Barbituric acid is prepared [272] by cyclocondensation (i) of malonic acid 
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mediated by POC; or (ii) of malonates mediated by strong base, for example, alcoholate, 
according to a modified PINNER protocol (cf. p. 467). 

Ina recent flexible synthesis, barbiturates of type 45 are obtained in a three-component 
one-pot sequential procedure from malonic acid monoesters and carbodiimides in the 
presence of base (usually NaOH/H20) followed by alkylation [273]: 


R?2 ts O 
1) addition 
N : aon rR AL near 
u 
EOC. COOH, 8, pax —OMON ie 
R! N (one-pot) Ao 
. ae | i R' 'R3 
ee ia Ar 1 
: A 
Y Uw ene enn eee ee ee eee eee 
i 
Oo oO Re Ar 
NaOH SN N’ 
E100c, WLM At ag crests 7 
1 po 4H oA *o 
R' R 4 if 


Primary products are the N-acyl ureas 46, which undergo consecutive base-induced 
cyclization (+47) and alkylation (45). 

Orotic acid is the key compound in the biosynthesis of almost all naturally occur- 
ring pyrimidine derivatives. Its synthesis is achieved by cyclocondensation of diethyl 
2-oxobutanedioate with S-methylisothiourea, followed by direct or oxidative hydrolysis of 
the 2-methylsulfanyl intermediate 48: 


NH» 


O 
HN 7 ~SCHg 
OEt  Etona Bie 
a 
Etooc~ So i 


NH 
o's 
EtOOC N SCH; (1) Hp05 HOOC N Oo 


48 


Many natural products are derived from pyrimidine. The ‘‘pyrimidine bases” thymine, 
cytosine, and uracil are important as building-blocks for the nucleic acids; rarer com- 
ponents are 5-methylcytosine (obtained from hydrolytic extracts of tubercle bacilli) and 
5-(hydroxymethyl)cytosine (obtained from the bacteriophage of Escherichia coli). 

Aneurin (49; thiamine, vitamin Bj) occurs in yeast, in rice polishings, and in various 
cereals. Aneurin is prepared commercially by various synthetic methods [274]. 


O 
HN o ote oe O (NH 
NAN Chen \ . NH axe 
ne | L CH,CH,OH aks 
HC~ ~N s o7~N“So neo 
49 50 51 NH> 
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Alloxan (50) is formed in organisms by the oxidative degradation of uric acid (cf. 
p. 479). Willardiin (51) is a nonproteinogenic a-amino acid with a uracil structure which 
is present in the seeds of some types of acacia. A few pyrimidine antibiotics, especially 
those isolated from streptomyces, possess potent antitumor properties, for example, the 
structurally complex bleomycins 52. The commercial product is a mixture of various 
bleomycins, main components being bleomycins Az (55-70%) and Bz (25-32%). 


6) 
a 
HN~ S N N N 
CH, O HH OHO 
Oo x HO”? ~CHs 
| » H 
HO . 
HOH,C O- a? 


NH» 
® S) 
bleomycin A, : R= *-N—(CHa)s—S(CHs)e HSO, 
H © ) 
bleomycin By : R = ee a ee HSO, 


NH» 


The pyrimidine ring is a constituent of many pharmaceuticals, such as the chemother- 
apeutics trimethoprim (53) and sulfadiazine (54), the dihydrofolate reductase inhibitor 
pyrimethamine (55) and hexetidine (56, derived from hexahydropyrimidine and used as 
an oral antiseptic). 


NH» 
H3,CO Z~N Cit 0.0 
| NO 
oe eee eee 


OCH, NH, 
53 54 
cl 
NH5 —@ J 
Z~N N 
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5,5-Disubstituted derivatives of barbituric acid (barbiturates) are used therapeutically. 
5,5-Diethyl-barbituric acid (57; was the first barbiturate to be used (E. FiscHER, 1903), 
veronal, barbital). Barbital and its Na salts are sedatives, as are phenobarbital (58) 
and hexobarbital (59), which are more potent [275]. Methylphenobarbital (60) is an 
antiepileptic drug and the thiobarbiturate thiopental (61) is a short-acting anesthetic. 
Sedative barbiturates have now been replaced by other drugs because of their toxicity and 
dependence problems. 


57: R'=R?=CzHs, R°=H 


fe) 

oe 58 : R' = CyHs, R? = CgHs, R°=H 

si ren 59 : R' = CH, R2 = -< ,R° = CH, 
H 


60 : R' = CjHg, R? = CgHs, R? = CHg 


5-Fluorouracil (62) is an antineoplastic agent, zidovudin (63; 3’-azido-2',3’- 
dideoxythymidine, AZT) is an important drug used in the treatment of HIV, and orotic 
acid (44) is used in the treatment of metabolic disorders. 

Sulfonylureas derived from pyrimidine (and 1,2,4-triazine) are of considerable impor- 
tance among the more recently introduced growth regulators for herbicides, for example, 
bensulfuronmethyl (64). 


O 
— NH 
H O | sa H 
SN O rc ” HO 5. NSO oN NSN OCH, 
HN | os Oz Nw | 
N-So COOCH; 
H 
O Ns OCHg 
61 62 63 64 


Most photographic materials contain 7-hydroxy-5-methyl-1,2,4-triazolo[1,5-a]pyri- 
midine (65) as an emulsion stabilizer. It is prepared by cyclocondensation of ethyl 
acetoacetate with 3-amino-1,2,4-triazole [276]. 


Cc mh N Z~n-\ 65 
Hsc~ SO : HN AW “ae odes? 
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6.31 
Purine 


For historical reasons, the numbering of purine (imidazo/[4,5-d]pyrimidine) does not 
comply with IUPAC rules. The X-ray structure of purine shows that the imidazole part 
is planar and the fused pyrimidine ring deviates from a coplanar arrangement (see 
Figure 6.20). 

Purine exists in two tautomeric forms, namely 7H-purine (1) and 9H-purine (2) 
(annular tautomerism): in solution, both tautomers exist in equal concentration; in the 


solid state, the 7H-form 1 is dominant: 
N 
N a 
> 
N N 
H 


; 


The chemical shifts of the pyrimidine protons in the purine system are comparable 
with those of pyrimidine itself (cf. p. 463); however, the imidazole protons are strongly 
shifted downfield compared to the parent system (cf. p. 217). 


UV (methanol): A (nm) (e) 1H NMR (DMSO-dg): 6 (ppm) = '3C NMR (DMSO-d): 5 (ppm) 

363 (3.88) H-2: 8.99 C-2: 152.1 C-6: 145.5 
H-6: 9.19 C-4: 154.8 C-8: 146.1 
H-8: 8.68 C-5: 130.5 


Purine undergoes reactions with electrophiles and nucleophiles [277]. 
Protonation of purine occurs at N-1, but alkylation at N-7 and/or N-9, as documented 
by its reactions with dimethyl sulfate, iodomethane, and vinyl acetate: 


> — 
N 
Ln N (CH30),SO5 nee > 
N 
CH3 HzO “he ON 
Fore 
CH 
Ce | os ox) —HOAc nz N 
» eS I “TL \ 
K CH;OH ee. 7 
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Nucleophilic substitution (SyAr) can be carried out on purine itself as well as on halo-, 
alkoxy-, and alkylsulfanylpurines. Thus, the CH1cHIBABIN reaction (see p. 352) of purine 
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Figure 6.20 Bond parameters of purine (bond lengths in pm, bond angles in degrees). 


with KNH), in liquid NH; leads to 6-aminopurine (3, adenine): 


KNH Hie 
2 
CT, » fl. _ Ne __ 5 NZ 'y a... 
: -Ht 400% Sy | N ; 
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NH> 
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In the primary step, the 7,9-anion 4 is formed, which — presumably as the result of 
electrostatic effects — directs addition of the amide into the 6-position of the pyrimidine 
ring. 

Halogen substituents in the purine system show pronounced differentiation of the 
leaving-group quality, which decreases in the order C-6 > C-2 > C-8, as exemplified by 
the sequence of displacement reactions leading from 2,6,8-trichloropurine (5) to guanine 
(8). Treatment of 5 leads with NaOH leads to substitution of 6-Cl by OH and formation of 
2,8-dichloro-6-hydroxypurine (6). Reaction of 6 with ammonia introduces the NH) group 
at C-2 giving 8-chloroguanine (7), which is reductively dehydrogenated to guanine (8): 


O O 
ia or} reduction 
OH" HN +2H HN 
‘ | ‘ 
ae pe -Cr aw - “Hel Ae eae — HCl HoN Asx | 
7 8 


The selective attack by nucleophiles at the pyrimidine ring of 5 is not in accord with 
the coefficients of the frontier orbitals in purine calculated on the basis of the Fuxui 
FMO theory; it is interpreted (see above) to be due to primary formation of the anion 9: 


Cl 


aoeys [o> 9 


If anion formation is not possible (e.g., in 9-alkyl-2,6,8-trichloropurines), the initial 
nucleophilic attack occurs, as predicted, at C-8 in the imidazole ring. 
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In the purine system, ring transformations are also observed. For instance, 6-imino- 
1-methyl-1,6-dihydropurine 10 isomerizes to give 6-(methylamino)purine (13) by the 
action of aqueous alkali: 


CH 
NH NH N 


HC, _ H3C, N 
MeN ) \ STerOH 7 ‘on » ie > =e NAN 
yan yuh es id ! 4 
H JH yN n~~N 


10 1 H 42 13 


Primary step is addition of HzO at C-2 with cleavage of the pyrimidine ring giving 
rise to the imidazole derivative 11; after tautomerization (11 — 12) recyclization to the 
purine system 13 takes place (the overall process 10 — 13 corresponds to a DiIMRoTH 
rearrangement [278], cf. p. 261). 

Retrosynthesis of purine has to take into account, that C-2 and C-8 are at the oxidation 
level of formic acid. Therefore, two bond disconnection (a or b) can be straightforwardly 
applied, which give rise either to pyrimidine derivatives 14 or imidazole derivatives 15 as 
reasonable educts for purine synthesis [279]: 


H 
NH, 
LL ee. yy, 
ele oa ~HCOOH HoN7~N 
14 


(1) Inthe standard method for purine synthesis, 4,5-diaminopyrimidines are subjected 
to cyclocondensation with formic acid or with formic acid derivatives (TRAUBE synthesis, 
1910): 


H 
H 
a + HCOOH wy ATS 
R > 
Gq —H,0 ase NH, =H Ky N 
16 


N~~NH> 


Intermediates are the formamides 16. As formic acid equivalents, formamide 
(BREDERECK variant of the TRAuBE synthesis [280]), formamidine, orthoformic ester, 
diethoxymethyl acetate, VILSMEIER reagent (from DMF and POCI;) and dithioformic 
acid are used. 

4,5-Diaminopyrimidines are obtained from 4-aminopyrimidines 17 by nitrosation with 
HNO) followed by reduction of the nitroso compounds 18: 


NO NHz 
HN N7 N@ 
hn NS R eT reduction R Lg i 
N NH» N NH, 
18 
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(2) In some cases, purines are synthesized from 4,5-disubstituted imidazoles by cyclo- 
condensation with formic acid or its equivalents, for example, the 9-alkylpurin-6(1H)-one 
20 from 1-alkyl-5-aminoimidazole-4-carboxamide 19 and formic acid: 


O 
Hah N HCOOH HN x 
el) “coe 
HoN N 2 N N 
I 
R 


. 


R 


(3) Purines can be prepared from simple acyclic building blocks in one-pot reactions. 
For instance, purine is formed by the thermolysis of formamide, likewise by reaction 


of N-(cyanomethyl)-phthalimide with tris(formamino)methane or with formamidine 
acetate in formamide or butanol: 


O 
O N CN 
A o A 
HX ‘ k 1 > <— N—“ + HC(NHCHO), 
NH» N He 
O 


Hypoxanthine (see below) is obtained similarly by heating acetamidocyanoacetate 21 
with ethanolic NH3, ammonium acetate, and orthoformic ester: 


O 
Et NH 
9 Cx au ee HN N 
24 lk 4 (NH4)*CHZCOO™ __ A= k | » 
N~~CN HC(OEt), N7~N 
H 
‘NH | i 
: NHg | HC(OEt 
y y (OEt)s 
© 
6 CH3COO O 
NH NH “ N 
2 2 
in Ca = get 
CN NH> aN 
22 23 24 


Formation of the purine system probably occurs by way of the aminoimidazolecar- 
boxamide 24 according to method (2); 24 results from the interaction of aminocyanoac- 
etamide 22 and formamidine acetate (23) derived from NH3, ammonium acetate, and 
HC(OR);. 

This type of purine formation is a so-called abiotic synthesis [281], which is defined as 


the synthesis of compounds essential for living organisms from nonbiological material 
in the course of chemical evolution. 


Purine, mp 216°C, was first obtained by E. FiscHer (1899) by reduction of 
2,6,8-trichloropurine. Purine is water soluble and acts as a weak base (pK, = 8.9). 
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Hypoxanthine (25, 6-hydroxypurine) exists predominantly in the lactam form in the 
solid state and in solution: 


OH O 
N N 
N~ HN 
lactim form | y —— | ») lactam form 
~ ~< ~ 
N q N N 
25 


It is prepared in a one-pot reaction from 21 (cf. p. 477) or by a TRAuBE protocol via 
4,5-diamino-6-hydroxypyrimidine (existing in the lactam form 28)[282]: 


(1) HNO» O 
EtOOC 
NH2 ; NaOEt HN (2) NaHSO3 HN NH2 
+ SS SEEDED el 
SNH, Hl 99% 2. 96% oh 
N N~ ~NH 
Ss N NH» Ss + 2 
26 27 
rf HC(OEt) 
H5O5 3 
_NaQH oe _Hor HN Bite AczO be 
— 
H a - 80 H~SN~~NH, 95% 
28 


Ethyl cyanoacetate is cyclocondensed with thiourea under base catalysis giving 
4-amino-2-thiouracil 26, onto which the second amino group is introduced (—>27). Ox- 
idative desulfurization yields a sulfinic acid, which eliminates S$O7(— 28); condensation 
with orthoformic ester transforms 28 into hypoxanthin (25). 

Adenine (29, 6-aminopurine) and guanine (8, 2-amino-6-hydroxypurine) are obtained 
from the hydrolytic cleavage of nucleic acids (see below). Deamination with HNO) 
converts adenine into hypoxanthine, and guanine into xanthine. 


NH, O O OH 
Cy N i 
6 eee . = rh 
: N Yo HoT NON 
8 lactam form 30 lactim form 
ie O 4 O CH; ce O CH, 
3 ioe HN N aN N 
| 2 I ll > 
on N on N oN N 
CH3 CH, CH3 
31 32 33 


Xanthine (30, 2,6-dihydroxypurine), mp 262 °C, is chemically similar to uric acid (see 
below). It is soluble in bases and acids and forms a sparingly soluble perchlorate. 

The natural products theophylline (31, 1,3-dimethylxanthine), theobromine (32, 3,7- 
dimethylxanthine), and caffeine (33, 1,3,7-trimethylxanthine) are derived from the lactam 
form of xanthine. Theophylline occurs in tea leaves and is a diuretic and a coronary 
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vasodilator. Cocoa beans contain about 5% theobromine, which is a stronger diuretic 
than theophylline or caffeine. 

Caffeine, mp 263 °C, sublimes on heating and is more soluble than dimethylxanthines. 
Caffeine has a stimulating effect on the central nervous system. It is extracted from green 
coffee beans with liquid CO, [283]. Caffeine is synthesized by methylation of xanthine, 
theophylline, or theobromine with methyl iodide or dimethyl sulfate [258]. 

Uric acid (34, 2,6,8-trinydroxypurine) was isolated from urinary calculi by SCHEELE 
(1774). After ascertaining its molecular formula (Lr—EBIc and MirscHERLICH, 1834), 
its structure was established by oxidative degradation and structural correlation with 
barbituric acid, alloxan, allantoin, and hydantoin (LrzBic, W6HLER, BAEYER): 


H OH T 
34 NZS =o Ne ny fon ae HN 
Ayan 9) O AN 


HO” “N N 
H H 
| kro, alloxan hydrate barbituric acid 
H H H 
Oy _N Oxy LN Ox_N 
HN Bro, HoO 
a aa ee = 
N — (H»N)oCO N N 
O : 4 (HaN)o N ov Ny 
allantoin hydantoin parabanic acid 


Its structure was established by an independent synthesis (E. Fischer and Acu, 
1895) from malonic acid and urea giving barbituric acid and its 5-amino derivative 
35. On treatment with potassium cyanate, 35 yielded pseudouric acid (36) which on 
cyclodehydration gave uric acid (34). 


fe) O 
(1) HNO» a H 
HN Ae) esucnon. ) reduction oe a weg? HCl 34 
aA oF nS0 NH2 — -H20 
H H 
- 36 


The synthesis of uric acid by cyclocondensation of 4,5-diaminouracil with urea accord- 
ing to the TRAUBE route is more convenient [284]. 

Uric acid is only sparingly soluble in water and a weak dibasic acid (pK,4; = 5.4, 
pK42 = 10.6). A violet color appears when uric acid is heated with HNO3, cooled and 
treated with NH; (Murexide reaction). The action of POCI; on uric acid produces 
2,6-dichloro-8-hydroxypurine, and under drastic conditions yields 2,6,8-trichloropurine. 

Purine derivatives are of great biological importance. Adenine and guanine occur in 
the free state, and also as N-glycosides (nucleosides, e.g., adenosine (37)) and phospho- 
rylated N-glycosides (nucleotides, e.g. adenosine-5-phosphate (38, AMP), -5-diphosphate 
(39, ADP) and -5-triphosphate (40, ATP)). They are also constituents of ribo- and 
deoxyribonucleic acids. 
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The plant growth regulators (plant hormones) known as cytokinins are adenine deriva- 
tives substituted at the 6-amino group [285]. Zeatin (41) is a natural cytokinin isolated 
from maize. The highly active 6-(benzylamino)purine (cf. 41/42 R = CH2Ph) has been 
used commercially (verdan) for keeping vegetables in fresh condition. Kinetin (42) is 
another synthetic cytokinin used as a dermatological agent for treatment of age-related 
photodamage of skin. 


fe) 
ye 41:R= aH 
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Another medicinally relevant purine is the guanine derivative acyclovir (43), which is 
used as an antiviral agent in the treatment of Herpes infections. 

Isosteres of purine (e.g., pyrazolo- and pyrolopyrimidines) are of importance as building 
units of pharmaceuticals. Examples are allopurinol (44, gout therapeuticum [286]) and 
sildenafil (45, inhibitor of type V CGMP phosphodiesterase, Viagra). 


Numerous nucleoside antibiotics are known. For instance, 9-(6-D-arabinofuranosyl) 
adenine (46) possesses antiviral and antitumor activity, puromycin (47) is an inhibitor of 
protein biosynthesis in bacteria and mammalian cells, tubercidin (48, as example of a 
purine isoster, isolated from Streptomyces) possesses anticancer activity. 

Carbocyclic analogs of nucleosides are also biologically active. Aristeromycin (49) 
possesses antimicrobial and neplanocin (50) antineoplastic activity [287]. Abacavir (51), 
one of the most potent synthetic anti-HIV agents, is a selective inhibitor of HIV-1 and 
HIV-2 replication [288]. 
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The structure of pyrazine has been determined by X-ray analysis and by electron 
diffraction. Pyrazine is a planar hexagon with D»;, symmetry, the C—C bond lengths being 
very similar to those in benzene (139.7 pm; see Figure 6.21). 

The symmetrical 1,4-diazine structure is reflected in the 'H and 3C NMR spectra 
(CDCl;) with one signal for the ring protons (5 = 8.60) and one for the ring C-atoms 
(6 = 145.9). Pyrazine shows UV maxima at 261 (3.81), 267 (3.72), and 301nm (2.88) 
(HO). 


(1) Reactions with electrophiles 


As in the other diazines, the reactions of pyrazine are influenced by the presence of 
N-atoms of the heterocyclic system. The N-atoms can be directly attacked by electrophiles, 
for example, in protonation, alkylation, and N-oxidation, but they strongly deactivate the 
ring C-atoms. 

Hence, very few SAr processes, for example, halogenation, take place, and if so, only in 
moderate yields. Donor substituents, for example, amino groups, activate the heteroarene 


N433.9 


121.8 
139.3 
116.3 Figure 6.21 Bond parameters of pyrazine (bond lengths in pm, 
N 


bond angles in degrees). 
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and are ortho- and para-directing. However, this depends on the presence of other 
substituents. For instance, 2-aminopyrazine 1 readily undergoes nuclear halogenation to 
give 2; 3-aminopyrazine-2-carboxylic acid 3 undergoes only N-halogenation to 4 and no 
nuclear substitution: 


N 
Ss Br, AcOH BIN, -N Br 
[ > ee LL 
s 
N°" “NH, N* ~NH» 
1 2 


N. COOH N. COOH 
S Clo, ACOH s 
ke lA ol 
N* ~NH, N* ~N* 
H 
3 4 


(2) Reactions with nucleophiles 


Pyrazine is more reactive than pyridine toward nucleophiles. Although the CHICHIBABIN 
amination proceeds preparatively unsatisfactorily, substitution of the halogen in 
2-halopyrazine occurs readily by ammonia, amines, amide, cyanide, alkoxide, and 
thiolate. 

Nucleophilic substitutions of this type often do not occur by the simple 
addition-elimination pattern accepted to be valid for pyridine and other azines (cf. 
p. 352). 

Notably, in the reaction of 2-chloropyrazine (6) with NaNH) in liquid NH3, besides 
the substitution product 2-aminopyrazine (7) 2-cyanoimidazole (8) is formed. If in the 
educt 6 N-1 is labeled with N, the isotope label is found in the (exocyclic) NH group 
of the product 7 and not in the ring nitrogen. This demonstrates that the nucleophile 
(NH,-) does not attack at the ring-C-atom (C-2) which carries the leaving group, 
but that the substitution proceeds according to an ANRORC mechanism (Addition of 
Nucleophile/Ring Opening/Ring Closure) [289]: 
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So), celaae cate banks ! 1 liquid NH Z 
HoN T ~ [ a ee a a [ vig + Eye 
SS ' 2 H N N 
N | NN a 
5 i 6 1 7 8 
A A 

Y @ 
in NHp Y NI NW NH NH 
‘ (or .© Cs 
| Cl ------- ae Oe carae > lL N7 CN 
N= -cl N= N iy 
g H 14 11 12 
” 


6.32 Pyrazine | 483 


It is postulatedthat the primary addition of the amide anion occurs at C-6 (6 — 5), 
followed by ring-opening at the N-1/C-6 bond (5 — 9) and elimination of chloride ion 
(9 > 10). Central intermediate is the cyano-3-aza-1,3-diene 10, which either re-establishes 
the pyrazine system (7, via 11) or alternatively cyclizes to 2-cyanoimidazole (8, via 12 and 
its dehydrogenation). 

Like the other diazines and pyridine, alkylpyrazines can undergo base-catalyzed 
C-C bond-forming reactions of the CH groups adjacent to the heterocycle. Thus, 
2-methylpyrazine (after deprotonation with NaNH) in liquid NH; leading to the anion 
13) can be alkylated, acylated, and nitrosated: 


aa CL CL i 
Z R st 0 ZA 
N N CH3 4 N R 
R 
oe OR 


~Ht “Ro” 


CS » nBuONO MS 
v8 won kon 
a N 7 ~OH 
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Anionization with organolithium compounds is complicated by competing addition 
reactions to the diazine ring. 

Retrosynthesis of the pyrazine system (see Figure 6.22) is performed in analogy to the 
other azines. FGA and disconnection at the imine function (a) lead to 1,2-dicarbonyl 
compounds 14 and 1,2-diaminoethenes 15 as starting materials for the direct pyrazine 
synthesis by cyclocondensation. 

The dihydropyrazines 16 and 18 (resulting from FGAs and disconnections b/c) may 
represent alternative starting materials accessible from the 1,2-diaminoethanes 17 or 
a-amino ketones 19. 

For the synthesis of pyrazines [290], the following approaches can be used: 
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Figure 6.22 Retrosynthesis of pyrazine. 
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(1) 1,2-Dicarbonyl compounds and 1,2-diaminoethanes undergo cyclocondensation 
(twofold imine formation) to afford 2,3-dihydropyrazines 20, which are conveniently 
oxidized to pyrazines 21 by CuO or MnO, in KOH /ethanol: 


O 
See Oar oly 
O HN —2H»,0 2H 


RL_o HoN CN RL NWCN 
ta ae ee 
at R'“SN7ScN 
23 


O HoN* ~CN ~~ 220 


This method yields the best results with symmetrical starting compounds. Thus, 
diaminomaleonitrile (22) (as a diaminoethene derivative) condenses directly with 
1,2-diketones or reacts with B-keto sulfoxides followed by dehydrogenation [291] yielding 
2,3-dicyanopyrazines 23. 

(2) (a) The classical pyrazine synthesis involves the self-condensation of two molecules 
of an a-aminocarbonyl compound furnishing 3,6-dihydropyrazines 24 followed by dehy- 
drogenation, usually under mild conditions, to pyrazines 25: 


Ri 


OO ae noe 3 eee 


R2 


The required a-amino aldehydes or ketones are usually prepared in situ because of 
their instability; they are obtained from a-hydroxycarbonyl compounds and ammonium 
acetate or by catalytic reduction of «-hydroxyimino- or a-azido-carbonyl compounds. 

(b) An alternative synthesis of the dihydropyrazine 24 utilizes a cyclizing twofold 
aza-WITTIG reaction of two molecules of w-phosphazinyl ketones 26, which are accessible 
from a-azido ketones and triphenylphosphane: 


Ri} 1 = 
N3 PhaP R\__N=PPhg 
2 > 2 ———>_ 24 
Reso —No Reso — 2 Ph3PO 


26 
(3) Pyrazine derivatives can also be obtained from dioxopiperazines (cf. p. 486) by alky- 


lation with trialkyloxonium salts providing bislactim ethers 27, which are dehydrogenated 
by ae (DDQ) to give 2,5-dialkoxypyrazines 28. 
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(4) 2,3,6-Trisubstituted pyrazines 34 have been synthesized in a regiodirected sequence 
starting from a-hydroxyiminoketones 29 [292]: 


OH OH OH 
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The a-hydroxyiminoketones 29 are condensed with allylamines to give imines 
30, which undergo base-induced double-bond isomerization to yield the conjugated 
1-hydroxy-1,4-azahexa-1,3,5-trienes 31. On thermolysis, their oxime esters 32 (obtained 
by O-acylation of 31 with CICOOCH3) undergo a 6m-electrocyclization, which leads to 
formation of dihydropyrazines 33 and subsequent aromatization by thermal elimination 
of CO, and CH30H. 


Pyrazine, mp 57°C, bp 116°C, and alkylpyrazines are colorless, often water-soluble 
compounds. Pyrazine has the lowest basicity (pK, = 0.6) of the diazines. 

Alkylpyrazines occur frequently as flavor constituents in foodstuffs that undergo 
heating, for example, coffee and meat. They are probably formed by a MAILLARD reaction 
between amino acids and carbohydrates. Alkylpyrazines also act as alarm pheromones 
in ants. Coelenterazine (35) is a bioluminiscent natural product isolated from a jellyfish 
[293]. 

A number of pyrazin-2(1H)-ones and 1-hydroxypyrazin-2(1H)-ones of type 36 have 


antibiotic properties. 
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6.33 
Piperazine 
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The structure of piperazine is similar to that of piperidine. Electron diffraction studies 
show that it prefers a chair conformation with bond lengths C—-C 154.0 and C-N 146.7 
pm, and bond angles C-C-N 110 and C-N-C 109°. The N-H bonds favor the equatorial 
position and the same applies to N-substituents in N-alkyl and N,N-dialkylpiperazines. 

The free activation enthalpy of ring inversion is 43.1 kJ mol ‘ (piperidine: 43.5; cf. 
1-methylpiperazine 48.1, 1-methylpiperidine 49.8 kJ mol”'). The protons appear at 5 = 
2.84 in the 'H and the carbon atoms at 6 = 47.9 in the 8C NMR spectrum (CDCl). The 
difference in the chemical shifts between the equatorial and axial protons is 0.16 ppm. 
Piperazine, mp 106°C, bp 146°C, behaves as a secondary amine and is a weaker base 
(pK, = 9.8) than piperidine (pK, = 11.2; cf. morpholine 8.4) due to the inductive effect 
of the second heteroatom. 

Piperazine is synthesized industrially from 2-aminoethan-1-ol in the presence of NH; 
at 150—220°C and 100-200 bar, or alternatively from ethylenediamine and oxirane: 


H 
N 
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2,5-Dioxopiperazines (1, diketopiperazines) are formed by a dimerizing cycloconden- 
sation of a-amino acids or their esters 
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or by cyclization of dipeptide esters resulting in a substitution (2): 


O-Alkylation of chiral dioxopiperazines of type 3 with oxonium salts yields bislactim 
ethers 4 (cf. p. 484), which are used as reagents for the asymmetric synthesis of amino 
acids (SCHOLLKorrF bislactimether method). 

By deprotonation with nBuLi under kinetic control the chiral bislactim ether 4 
is converted to the 6m-anion 5, whose alkylation by R-X (6) proceeds with high 
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stereoselectivity (>95%). Acid hydrolysis of the alkylation product 6 leads to (unnatural) 


(R)-amino acids 7 and recovery of the chiral auxiliary (S)-valine, from which the starting 
material dioxopiperazine 3 was derived [294]. 
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Salts of piperazine (citrate, phosphate, adipate) or its hexahydrate are used as 
antithelmintics. The piperazine ring is frequently used as a building block for phar- 
maceuticals. Benzhydrylpiperazines, such as cinnarizine (8) and its difluoro analog 
flunarizin (9), are used as peripheral and cerebral vasodilators; hydroxyzine (10) is used 
as a tranquilizer. 
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X-ray structural analysis shows that the two fused six-membered rings in pteridine 
(pyrazino[2,3-d|pyrimidine) are approximately coplanar. Its C-C and C-N bond lengths 

and C-N-C bond angles (with values less than 120°) are comparable to those of pyrimidine 

and pyrazine (see Figure 6.23): 


le 121420 


131 
130 ne oS oe Figure 6.23 Bond parameters of pteridine (bond lengths in pm, 


bond angles in degrees). 
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The spectroscopic data, especially the strong downfield shifts of the H- and C-atoms 
in the NMR spectra, are characteristic of pteridine as a strong m-deficient heteroaromatic 
system. Pteridines are colored (yellow to red), the parent compound being yellow. 


UV (cyclohexane): A (nm) (e) 1H NMR (CDCl3): 5 (ppm) 13¢ NMR (CDCI3): 5 (ppm) 
263 (3.10) H-2: 9.65 C-2: 159.2 C-7: 153.0 
296 (3.85) H-4: 9.80 C-4: 164.1 C-9: 154.4 
302 (3.87) H-6: 9.15 C-6: 148.4 C-10: 135.5 
390 (1.88) H-7: 9.33 


Pteridine is inert toward electrophiles, but undergoes reactions with nucleophiles [295]. 

Thus, H20O is reversibly added to the N-4/C-4 bond. In the addition product 1, an 

amidine structural element is formed, which is enabled to stabilize positive charge 

after protonation as well as negative charge after proton abstraction. As a consequence, 
pteridine acts as acid and as base in an aqueous system. 


1) +H30 Hey 
\ NZ — HO IR Zs H a 


The synthesis of pteridines [296] usually starts from 4,5-diamino-substituted pyrimidine 
derivatives (cf. p. 476). 


(1) 4,5-Diaminopyrimidines undergo cyclocondensation with 1,2-dicarbonyl com- 
pounds to give pteridines 2 (GABRIEL-Isay synthesis): 


R2 


iM =e ood 
A R3 -2 ~=2H,0 ais 


N Hp 


Unsymmetrical 1,2-dicarbonyl compounds lead to mixtures of structural isomers. 
a-Keto aldehydes undergo regioselective pteridine formation; the corresponding 
a,a-dichloro ketones behave complementarily, as documented by the reaction of 
triaminouracil (3) with phenylglyoxal and a,a-dichloroacetophenone, respectively: 
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oO 
N Ph 
J Lek, ‘he me ore ct 
pe eee 
H»N* SN* N77 


~T2H,O Hans 
7-phenylpterine > ; 10 ates 
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(2) 4-Amino-5-nitrosopyrimidines 4 undergo base-catalyzed cyclizing condensation 
with systems possessing an activated CH group (aldehydes, ketones, nitriles, esters, re- 
active methylene compounds, phenacylpyridinium salts) providing pteridines 6 (Timmis 
synthesis): 


R2 
3 
ao os] ade se | SOC" 
pe R4 = THO os Seo R! As, Nig R4 
-H,0 5 6 


Pteridine formation occurs chemoselectively; the primary condensation step is likely to 
proceed via the nitroso group giving rise to the imine 5, which cyclizes via the remaining 
NH) group with the terminal function of the side chain (C=O, ester, nitrile, etc.). 

The regioselectivity of the Timmis synthesis is demonstrated by condensation of the 
4-amino-5-nitrosouracil (8), leading to 1,3-dimethyl-6-phenyllumazine (7) with phenylac- 
etaldehyde or to the 7-phenyl isomer 9 with acetophenone: 


fe) r fe) fe) fe) 
H3C. No Ph = Ph Y/ HsC., SL No JL HsC. N 
N a ee Ph~ ~CHg 3¢°N me 
cee ow! cee 
CH, CH 


he 


7 8 9 


Pteridine, mp 139°C, forms yellow crystals and is soluble in all common solvents from 
petroleum ether to water. Pteridine in an aqueous system (see above) is both weakly 
acidic (pKa = 11.2) and weakly basic (pK4 = 4.8). 

Pterin (2-amino-4-hydroxypteridine, which occurs in the lactam form 10 and lumazin 
(2,4-dihydroxypteridine, which exists as the 1,2,3,4-tetrahydropteridine-2,4-dione struc- 
ture 11) are the basic structures of the naturally occurring pteridine derivatives: 


O O 
mors sae " 
Ay NZ oN NZ 


Pteridines occur as pigments in the wings and eyes of butterflies and other insects 
(WIELAND, SCHOPE, 1925-1940) and in the skin of fish, amphibians, and reptiles. Other 
examples of butterfly pigments are xanthopterin (12, brimstone butterfly), leucopterin 
(13, cabbage white butterfly), and erythropterin (14, ruby kip butterfly). 
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Hho tH 
i 
12 ee tL 13 
H2N@ “N7~N aan N~So 
4 Q: COOH 


~N COOH 
tH 


0 H O : 
HN Ne N : ‘ 
| HN Ss YN : : 
ds ke | J 8 glutamic acid 
i ae H>N~ SN~~N 
14. Hag? 


p-aminobenzoic acid 
COOH 6-methylpterine 15 


Folic acid (15) contains 6-methylpterine, p-aminobenzoic acid, and (S)-glutamic acid as 
structural building blocks. Folic acid belongs to the vitamin B complexes group and has 
been isolated from spinach leaves; it is a growth hormone and effective in the treatment 
of certain types of anemia. It is important for the metabolism of amino acids, proteins, 
purines, and pyrimidines. 

Folic acid forms orange, water-insoluble crystals, mp 250°C (dec). Its synthesis is car- 
ried out by condensation of 6-hydroxy-2,4,5-triaminopyrimidine, 1,1,3-trichloroacetone, 
and N-(4-aminobenzoyl)-(S)-glutamic acid at pH 4—5 and in the presence of NaHSO; 


[297]: 
fe) Q COOH 
NH Ox CH,CI 
HN : N COOH ———> 15 
Je ¥ + H =3 HCl 
H,N* ~N~ ~NH> Cl si HoN —H50 


Pteridines are also used as pharmaceuticals. Triamterene (16) is a diuretic that 
promotes excretion of Nat and retains Kt. The folic acid antagonist methotrexate 
(17, amethopterin) is of considerable importance as an antineoplastic agent in cancer 
chemotherapy. 


OQ COOH 


NH, NH> Won 
Z N N a 
16 X 1 N7N yy 17 
HoN~ SN~ ~N7 ~NH5 ie NZ CHs 


From benzof{g]pteridine (18) a number of compounds of biological importance are 


derived. 
g «10 1 
N. UN 
8 Ss ia ig 
ee se) 16 
N* \7"'3 
6 5 4 


Alloxazine (19) is formed by the cyclocondensation of o-phenylenediamine with alloxan 
(KUHLING, 1891). The tautomeric isalloxazin (20, flavin) is the parent compound of the 
10-substituted derivatives. 
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O 


Coe ee. OX oe =O 3 


Alloxazine occurs as yellow needles decomposing above 200°C. It is a weak acid. 
Lumiflavin (7,8,10-trimethylisoalloxazine) is an irradiation product of lactoflavin (see 
below) and of the yellow respiratory enzyme. 

Lactoflavin (21; riboflavin, vitamin Bz) was established by KUHN and KarreEr (1935). 
It is synthesized by condensation of 3,4-dimethylaniline with D-ribose giving the imine 
22, followed by reduction to 23 and coupling with benzenediazonium chloride producing 
the azo compound 24; reaction of 24 with barbituric acid, after loss of aniline and 
cyclocondensation of the intermediate 25, provides lactoflavin (21). 


CH,OH 
HO-C-H 
HO-C-H 
HO-C-H 


21 
i 
wg ees 
NH 
H.C N7 
O 


1 
CH20H 22 23 


6.35 
Benzodiazines 


Cinnoline (1, benzo[c|pyridazine), phthalazine (2, benzo[d|pyridazin), quinazoline (3, 
benzo[d|pyrimidine), and quinoxaline (4, benzopyrazine) are benzannulated diazines. Of 
the dibenzannulated systems, phenazine (5, dibenzopyrazine) will be discussed. 
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The spectroscopic data of the benzodiazines resemble those of the parent diazines, 
quinoline and isoquinoline, as is evident from the UV and NMR data: 


\ois 


UV: A (nm) (¢) 1H NMR (CDCI3): 13¢ NMR (CDCI): 6 (ppm) 


6 (ppm) 
Cinnoline 276 (3.45) H-3: 9.15 C-3: 146.1 C-8: 129.5 
(UV in 308 (3.30) H-4: 7.75 C-4: 124.7 C-4a: 126.8 
cyclohexane) 322 (3.34) C-5: 127.9 C-8a: 151.0 
390 (2.40) C-6: 132.3 C-7: 132.1 
Phthalazine 259 (3.67) H-1/H-4: 9.44 C-1/C-4: 152.0 
(UV in 290 (3.00) C-5/C-8: 127.1 
cyclohexane) 303 (2.95) C-6/C-7: 133.2 
C-4a/C-8a: 126.3 
Quinazoline 267 (3.45) H-2: 9.23 C-2: 160.5 C-7: 134.1 
(UV in heptane) 299 (3.29) H-4: 9.29 C-4: 155.7 C-8: 128.5 
311 (3.32) C-5: 127.4 C-4a: 125.2 
C-6: 127.9 C-8a: 150.1 
Quinoxaline 304 (3.71) H-2/H-3: 9.74 C-2/C-3: 145.5 
(UV in heptane) 316 (3.78) C-5/C-8: 129.8 
339 (2.83) C-6/C-7: 129.9 
375 (2.00) C-4a/C-8a: 143.2 
Phenazine 248 (5.09) AA’BB’ system C-1/C-4/C-6/C-9: 130.9 
(UV in methanol) 362 (4.12) C-2/C-3/C-7/C-8: 130.3 


C-4a/C-5a/C-9a/C-10a: 
144.0 


Reactions of benzodiazines do not show exceptional features compared with the simple 


diazines. Reactivity toward electrophiles is less than in quinoline and isoquinoline. If 


SfAr reactions take place, they lead to substitution of the benzene ring. As a rule, 


nucleophilic substitution of benzodiazines occurs in the diazine ring, particularly if 


substituted by halogen. The quinazoline system displays C-4 regioselectivity, for example, 


in the reactions of 2,4-dichloroquinazoline with amines or alcohols: 


Cl 
NN + NuH 
NuH = H,NR, HOR 
or = ont. : 
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The C-4 reactivity of quinazoline, which is responsible for the anomalous basicity (cf. 
p. 498), applies to other nucleophiles, for example, the addition of GRIGNARD compounds, 
enolates, cyanide, or hydrogensulfite: 


(1) Nut H Nu 
(2) + Ht N Nu = ALi, CN, 
bree J SOgH", “CH,COR 


Side-chain reactivity is also observed in benzodiazines. For instance, 4-substituents 
in quinazolines react selectively, as is shown by the Manwnicu reaction of 
2,4-dimethylquinazoline: 


CHs Oe ga a 
S CH,0, ReNH <i 
al 
Z —H,0 
N ann 2 Pci, 


For the synthesis of benzodiazines [298], the following approaches are of general 
relevance: 


(1) Cinnolines can be prepared by cyclization of (2-alkinyl)- or (2-alkenyl)aryldiazonium 
ions. 

(a) (2-Aminophenyl)alkynes 6 on diazotization with HNO2/H)O yield 4-hydroxy- 
cinnolines 11 by cyclization of the diazonium salts 7 and subsequent addition of HzO 
to the primary cyclization product 8; if the diazonium salt 7 is treated with NaCl/H2O 
at elevated temperature, 4-chlorocinnolines 12 are obtained (VON RICHTER synthesis) 
[299]: 


R ‘y R @ R 
FA HNO» Za cyclization S 
N 
NH> Ne ‘ 
6 7 . 
7 + HO, — H* 
or+Cl 
O Nu 
R (1) enolization (1) cyclization R 
(2) SEVHINDS (2) —H* = 
ae 7 N 
NH» N° 
9 11: Nu= OH 
12: Nu=Cl 


(b) (2-Aminophenyl)ketones 9, on diazotization and enolization (+10), undergo analo- 
gous cyclization (followed by deprotonation) leading to 4-hydroxycinnolines 11 (BoRSCHE 
synthesis). 
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(c) (2-Amino)styrenes 13 are transformed to 3,4-disubstituted cinnolines 14 by adopt- 
ing the foregoing diazotization/cyclization/deprotonation sequence (+15 — 16 — 14) 
(WIDMAN-STOERMER synthesis): 


R! 
SR? 
13 
_ MMe R! 
' 2 
NO? ‘ WR cyclization 
(> 1 wore 
Ne 


(2) Phthalazine and its 1,4-disubstituted derivatives 18 are obtained by cyclocondensa- 
tion of 1,2-diacylbenzenes 17 with hydrazine: 


R! R! 
(6) NH, SN 
SESE ae I 
O -2H,O zN 

17 RP? 18 Re 


(3) Quinazolines and quinazolin-4(3 H)-ones have been prepared on various routes. 

(a) (2-Acylamino)benzaldehydes, -acetophenones, or -benzophenons 19 undergo cyclo- 
condensation with NH; giving rise to quinazolines 21 (presumably via intermediate 
imine formation — 20) (BISCHLER synthesis) [300]: 


R! R! R! 
CZ eg. NH _ ie 
—H,0 —H,0 s 
n—X : n—“ : N7~R? 
H 2 H 2 
R R 
19 20 21 


(b) Formally related to the BiscHLER synthesis is the microwave-induced thermolytic 
reaction of O-phenyl oximes 22 of (2-aminoaryl)alkanones with aldehydes, which pro- 
ceeds in an ionic liquid medium and leads (via imines 25) to dihydroquinazolines 24 
or — promoted by ZnCl, — to quinazolines 23 [301]: 
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R! R! 
[EMIM]PFg 
SN Ohh O ZnClo SN 
2 
ee = Zt 
NH» Se, H ‘oluene N Re 
22 se 23 
R! - H,0 en R! n 
= Ph 
SN * Ser ; ZnCly 
ae 24. Merce tcetenecoseecestee csr El 225 Sse 
N7~R2 (1) - OPh N= 
H (2) H-abstraction from toluene R2 


A radical mechanism via iminy] radicals, their 6-endo-trig cyclization and H-abstraction 
from the solvent (toluene) is discussed. 
(c) Microwave-assisted single-step cyclocondensation of aryl or vinyl carboxamides with 
nitriles in the presence of Tf,O/2-chloropyridine leads to a variety of quinazolines 26 
[302], for example: 


O TiO 
R Jk + R2-C=N 2-chloropyridine SN 
Nv Ry a aA 
H N* ~R! 
Tf20, | 2-Clpy 26 
Y 


Spectroscopic investigations suggest that the concerted activation of the amide func- 
tionality by Tf,O/2-chloropyridine leads to a dication 27, which incorporates the nitrile 
R*—-CN to provide the nitrilium ion 28 (by expulsion of 2-chloropyridine x TfOH), 
whose intramolecular SAr reaction gives rise to the quinazoline 26. 

(d) 5-Acceptor-substituted 2-fluorobenzaldehydes 29 combine with amidines to give 
imines 30 and subsequently 2-substituted quinazolines 31 in an intramolecular SyAr 
ring-closure process [303]: 


HN 
F + 2 2 
. ani F HNx R? No 
o — Y |= ‘i 
R! —H,0 RI =N -HF pl F 
294 30 31 


(e) For the synthesis of quinazolin-4(3H)-ones 32, the heterocyclization of 
N-acylanthranilic acids with NH3 or primary amines (via intermediacy of 
N-acylanthranilamides and their cyclization with POCI;) can be used (NIEMENTOWSKI 
synthesis): 
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CLP Lee Os Soe 
( Ao, 
lt. . = _H,0 1,0 


Efficient modifications of the NIEMENTOwSsKI protocol have been developed recently. 


(i) lodine-catalyzed one-pot cyclocondensation of anthranilic acids, orthoformates, 
and primary amines under mild and solvent-free conditions gives rise to 3-substituted 
3,4-dihydroquinazolin-4-ones [304]. It is proposed that in the primary step Ij-catalyzed 
formation of an imidoester 33 occurs, followed by amine-R?OH exchange affording an 
amidine intermediate 34, which cyclizes to the quinazolinone system via the I7-activated 


COOH group: 
fe) 
COOH cat. Ip, [R! 
25 °C N 
oC + HC(OR?); + R'-NH) ———» R a 
NH N° ~H 
| —2R°OH ib =H 
Y ! 
COOH COOH 
R Ho wereenseneeee dennneeeeeee > CT H 
N= —R,OH << 
33 OR? 34. NH-R! 


(ii) Inan expeditious tandem approach, microwave-assisted reaction of isatoic anhydride 
(cf. p. 444) with NH; or primary aromatic amines (— 35) followed by Zeolite HY-induced 
cyclocondensation with orthoesters affords N-3/C-2-disubstituted quinazolinones 36 


[305]: 
R?-C(OEt 
R'-NH, ih fe) 
R! zeolite R! 
O microwave N % microwave N° 
yo NH ‘a R? 
35 36 
Oo 
R! H.N N-R! A 
N° 2 5 Cul, KxCOg pO Nes 
H +  )-R NH | -------- 
HN ail N 
H R2 
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Alternatively, 2-iodobenzamides undergo a ligand-free Cul-catalyzed domino cou- 
pling/cyclocondensation reaction with amidines to give quinazolinones 36 (via coupling 
products 37) [306], or quinazolinones 36 (R' = H) can be obtained in a Cu-catalyzed 
synthesis from 2-bromobenzoic acids and amidine hydrochlorides [307]. 


(f) In a novel approach to 3-substituted quinazolin-4(3H)-ones, (2-lithiophenyl) 
isocyanide (generated in situ from (2-bromophenyl)isocyanide by halogen-metal 
exchange with nBuLi at —78°C) is subjected to cyclizing addition to isocyanates or 
isothiocyanates [308], for example: 


Li oO O 
R-N=C=O0 H 
Clo eeu 2 eeu 
i -78 °C 
N=C NL yoy 
38 


The mechanism of quinazolinone formation follows the general pattern of 
isocyanide-based heterocyclization (cf. p. 173); primary intermediate is the 
2-lithioquinazolinone 38, which can be trapped with electrophilic reactands (e.g., by 
hydrolysis, alkylation, halogenation). 

(4) Quinoxalines are obtained by cyclocondensation of 1,2-diaminoarenes with 
1,2-dicarbonyl compounds; as catalysts are recommended amidosulfonic acid [309] or 
others [310]: 


NH, Oy UR' Bai: Ny R' 
‘i fo. “ae 
NH> O R' -2H,0 NZ R 


Instead of 1,2-diaminoarenes, 2-nitroanilines, 1,2-dinitroarenes, or benzofuroxanes 
(cf. p. 253) can be reacted with 1,2-diketones to give quinoxalines in an SnCl)-promoted 
process, in which SnCl, acts both as a reducing agent and as a catalyst for cycloconden- 
sation [311]. Instead of 1,2-dicarbonyl compounds, phenacyl bromides in the presence of 
DABCO and atmospheric oxygen have been used for 2-arylquinoxaline synthesis from 
1,2-diaminoarene [312]. 

The regioselectivity of quinoxaline formation from unsymmetrical 1,2-diaminoarenes 
and 1,2-dicarbonyl compounds is significantly influenced by the electrophilicity of the 
participating C=O groups, the basicity of the NH2-functions, and the reaction conditions, 
as documented for the cyclocondensation of phenylglyoxal with 1,2-diaminoarenes 39 
[313]: 
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In neutral or acidic medium, the diamine 39 (R=NOz) gives rise to the regioisomeric 
phenylphthalazines 40/41 (R=NO?) in a ratio of 5:1, because primary condensation 
of the more electrophilic aldehyde-C=O function with the more basic 2-NH) group is 
favored. However, the diamine 39 (R=OCH3) in acidic medium yields the products 
40/41 (R=OCHS) in a ratio of 1:8, since protonation deactivates the more basic 1-NH) 
group and primary condensation of the aldehyde C=O takes place preferentially with the 
2-NH)p2 group. 


Cinnoline (mp 40°C), phthalazine (mp 90°C), quinazoline (mp 48°C), and quinoxaline 
(mp 31°C) are colorless crystalline solids. Benzodiazines are weak bases with basicities 
comparable with those of the corresponding parent heterocycles, with the exception of 
quinazoline: 


Cinnoline pKs 2.6 For comparison: Pyridazine pKs 2.1 
Phthalazine 35 

Quinazoline 3.3 Pyrimidine 11 
Quinoxaline 0.6 Pyrazine 0.4 


Quinazoline is much more basic than pyrimidine. This is due to H2O addition at 
C-4 of the quinazolinium ion (cf. p. 420). In a nonaqueous medium, a pK, value of 
1.95 is found for the equilibrium between the nonhydrated cation and the neutral 
quinazoline. 

Luminol (42, 5-aminophthalhydrazide) displays an intensely blue chemiluminescence 
on oxidation with alkaline H2O, in the presence of hemin (cf. p. 56). 


O e) 6 
bam Crs NH 
NH | 
N Ph 
NH2 O CH, ee 
42 43 


Several natural products contain the quinazoline structure, for example, the quinazoline 
alkaloids obtained from rutaceae (e.g., arborine 43). Tetrodotoxin (44) derived from 
decahydroquinazoline and found in the Japanese puffer fish is one of the strongest 
nonproteinogenic neurotoxins. 

A number of pharmaceuticals are derived from quinazoline, such as the hypnotic 
methaqualone (45), the oral diuretic quinethazone (46), the analgesic and antirheumatic 
proquazone (47), and the antihypertensive prazosin (48): 
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i 1e 0:8 
HzNOz 
45 Cr NH 46 
CH 
CH An, OHs 
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eA 
47 H,CO N N 48 
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The SyAr reactivity of the quinazoline system offers synthetic applications for this 
heterocycle. For instance, 4-chloro-2-phenylquinazoline (49), by reaction with pheno- 
lates, is converted into the 4-(aryloxy)quinazoline 50, which undergoes a CHAPMAN 
rearrangement at 300°C with a 1,3-migration of the aryl residue to N-3 forming 
the 3-arylquinazolin-4(3H)-one 51. The latter hydrolyzes with aqueous acid to form 
benzoxazinone 52 and a primary arylamine: 


Cl OAr Oo 
fe) A 
SN ArO SN 300°C ne 
ee aA aA 
N* ~Ph N* Ph N* ~Ph 
49 50 51 
+ H,O (H*) 
~NH,—Ar 
fe) 
na Ph 
52 


Overall, the heterocycle serves as vehicle for the conversion of phenols into the 
corresponding primary arylamines (transformation Ar-OH — Ar—NH)) [314]. The 
chloroquinazoline 49 is obtained from anthranilic acid and benzamide in an application 
of the NIEMENTOwWSKI synthesis (cf. p. 495). 

Phenazine crystallizes as bright yellow needles, mp 117°C. It sublimes easily and is a 
weak base (pK, = 1.23). 

Earlier syntheses of phenazines are preparatively unsatisfactory, they use the direct con- 
densation of o-phenylenediamine with o-quinones or catechol, followed by dehydration 
of the intermediate 5,10-dihydrophenazines 53: 
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H 
NH, HO N 
OG ae OL 
-2H 
NH, HO 20 N 
H 
53 


as 

N 
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Phenazine derivatives have been obtained in a base-induced condensation from 
1,2,3-benzoxadiazol-1-oxide and phenols leading to phenazine-5,10-dioxides 54 (BEIRUT 
reaction, cf. p. 254 and [315)): 


2 
® 
One AF 8 ONC 
_ 2 —-R 54 
N@ =A SN 
I 


In contrast, from 1,2,3-benzoxadiazol-1-oxide and enolates or enamines 
quinoxaline-1,4-dioxides arise. The BEIRUT reaction possesses considerable preparative 
scope, but its mechanism is not yet fully elucidated. 

Phenazine dyes are of considerable practical importance. Safranine T (56) is synthesized 
by oxidation of 2,5-diaminotoluene, o-toluidine, and aniline with sodium dichromate in 
the presence of hydrochloric acid via the indamine salt 55 as intermediate: 


~2H0 © 
: HN . NH, 
55 
ee | OC, = Ooo” 
BHO HN NS NH 
56 


Phenazines and their derivatives have been shown to be of biological significance, 
especially in the field of photodynamic therapy [316]. 
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6.36 
1,2,3-Triazine 


The parent compound was not synthesized until 1981. X-ray studies of 4,5,6- 
tris(4-methoxy-phenyl)-1,2,3-triazine show that the 1,2,3-triazine ring is planar (see 
Figure 6.24). 

The NMR spectra of 1,2,3-triazines confirm the symmetrical arrangement of the C-H 
bonds and ring atoms relative to the three N-atoms. 


UV (ethanol): © 2 (nm) 1H NMR (CDCl): 5 (ppm) 13¢ NMR (CDCl): 5 (ppm) 
233, 288, 325 H-4/H-6: 9.06 C-4/C-6: 149.7 
H-5: 7.45 C-5: 117.9 


Among the reactions of 1,2,3-triazines, hydrolysis and oxidation allow relevant transfor- 
mations. Thus, monocyclic 1,2,3-triazines at room temperature are stable toward aqueous 

acid; at higher temperature, however, ring cleavage occurs giving rise to 1,3-dicarbonyl 
compounds: 


R! R! 
R2 HO / Ht R2 

Oo 

I 
RS” ~N* R°" SO 

R R 

SN H,0/H* O 

R- ON ———> R- 
N° NHp 


1,2,3-Benzotriazines unsubstituted in the 4-position are ring-opened by aqueous acid 
at room temperature to give o-aminobenzaldehydes, whereas 4-substituted derivatives 
require elevated temperatures to form o-aminoaryl ketones. 


Ar = ( 4-methoxyphenyl ) 


Figure 6.24 Bond parameters of the 1,2,3-triazine system in 
4,5,6-tris (4-methoxyphenyl)-1,2,3-triazine (bond lengths in pm, bond angles in degrees). 


502 | 6 Six-Membered Heterocycles 


1,2,3-Benzotriazin-4(3H)-one 1 suffers cleavage of the heterocycle in acid medium 
producing the diazonium ion 2 derived from anthranilic amide. The N-amino system 
(1, R=NH)) leads to the diazonium ion 3, which affords anthranilic acid azide (4) by an 
internal redox — 


we HW 
— » — further products 
ne 


2 


1,2,3-Triazines are oxidized by peroxy acids yielding 1- or 3-oxides. 3-Amino- 
1,2,3-benzotriazin-4(3H)-ones 5 are dehydrogenated at the amino group by lead 
tetraacetate. The intermediate nitrenes 6 are stabilized by eliminating a molecule of 
N> yielding 3H-indazolones 7. Alternatively, by loss of two molecules of N2, they form 
benzocyclopropenones 8, as confirmed by trapping experiments [317]: 


O 
-———> R N 7 
O O 7 —No N 
n7NHe Pb(OAc)4 nN 
R : ————> R 1 — 
N* -2H nN 
a 
i ae F O 8 


3-Substituted 1,2,3-benzotriazin-4(3 H)-ones 9 react with internal and terminal alkynes 
in the presence of an Ni(0)/phosphine catalyst to give a wide range of 2,3,4-trisubstituted 
isoquinolones 10 in high yield [318]: 


O Oo 
1 _R! 
nee Ni(0), RgP N 
9 ! + R?2—==—R° —_§__> Z 10 
nN —Np R2 
R8 
o R! A 
1 1 N 1 
+ [Ni(O)L -R ‘ 
is ee a | ree > [Ni(O)L,} _____} ~ LNi(O)Lal 
— Na [Ni(O)L,] = 
ae 
11 12 


Terminal alkynes (R? = H) and unsymmetrical internal alkynes show the high re- 
gioselectivity of this process (e.g., +10, R! = aryl, R* = H). The transformation 9 > 10 
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is likely to proceed through Ni(0)-activation of the triazinone moiety to eliminate Nz 
(9 — 11) followed by insertion of the alkyne into the Ni-C(aryl)-bond in the intermediate 
11 (—12) and regeneration of the catalyst (12 — 10). 


The following methods can be employed for the synthesis of trisubstituted 
1,2,3-triazines [319]: 


(1) Oxidation of 1-aminopyrazoles by lead tetraacetate or nickel peroxide (13 — 14): 


R oR R 
PX.» * 
13 N ZN 14 
R N° —2H i 
a7 Sy 
NH> 


(2) Thermal rearrangement of cyclopropenyl azides 15: 


R R 
= + NaN R R 
xO, iS 3 A “a N 
Xx — Nax N3 ~ oN 
R N° 
R R45 


This isomerization takes place even under mild conditions. The cyclopropenyl 
azides 15 are accessible from cyclopropenylium ions and NaN3. Triamino-substituted 
1,2,3-triazines were transformed into stabilized azetes by thermal dediazoniation [110]. 

3-Substituted 1,2,3-benzotriazin-4(3H)-ones, for example, 18, are obtained by cycliza- 
tion of the diazonium salts 17 derived from the N-substituted anthranilic amides 16 (as 
a reversal of hydrolysis, cf. p. 502): 


O (1) HNO» O 
oan (2) cyclization ae nek 
16 H ge ' 18 
es 2N 
“~NHp 4 Ni 


1,2,3-Triazine forms colorless, sublimable crystals, mp 70°C. It is prepared by NiO2 [P|] 
oxidation of 1-aminopyrazole [320]. 


The 1,2,3-triazine system has not yet been found in natural products. Some pesticides 
contain the 1,2,3-benzotriazin-4(3 H)-one system, for example, guthion (19): 


O S) 


yy-CHe-S-P-OCH, 
nN OCH, 
NY 49 
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X-ray studies of 5-(p-chlorophenyl)-1,2,4-triazine (1) have shown that the 1,2,4-triazine 
ring is planar. The structural parameters indicate that the canonical form a, with a single 
bond between N-1 and N-2, is a more important contributor to the resonance hybrid than 
structure b with a double bond between N-1 and N-2 (Figure 6.25). 


Ar. UN Ar “vs 
a 7 ‘Ky 2N 

N 

a 1 b 


The UV and NMR spectroscopic data of 1,2,4-triazine are characteristic, especially the 
downfield chemical shift for the 3-position: 


UV (methanol): @ 1 (nm) 1H NMR (CDCls): 6 (ppm) 13¢ NMR (CDCI3): 5 (ppm) 
248 (3.48) H-3: 9.73 C-3: 158.1 
374 (2.60) H-5: 8.70 C-5: 149.6 

H-6: 9.34 C-6: 150.8 


|B Among the reactions of the 1,2,4-triazines, the hetero-DiEts-ALDER reactions with 
electron-rich alkenes and alkynes are of general importance in synthetic chemistry 
[321]. 
With enamines, enol ethers, and ketene acetals, the 1,2,4-triazine system as an 
electron-deficient 2,3-azadiene undergoes (4 + 2)-cycloadditions across the ring positions 
C-3 and C-6: 


Figure 6.25 Bond parameters of the 1,2,4-triazine system in 5-(p-chlorophenyl)-1,2,4-triazine 
(bond lengths in pm, bond angles in degrees). 
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RS N a3 Re 
Xx mR 
* 2 2 3 
PRA + ff Ri NK Ux ee. BS 
| _ Be 3 —> N —> | a 
al X= OR, NR, Ny —No S -HX — p2-Sy7 Spt 
R' 2 R' 3 4 


The primary cycloadduct 2 eliminates N2 in a retro-D1ELs-ALDER reaction and thus 
affords the 3,4-dihydropyridine 3, which aromatizes to the pyridine derivative 4 by 
elimination of amine or alcohol. Remarkably, if in the enamine component an N-allyl 
group is present, the cycloreversion 2 — 3 is followed — instead of amine elimination — by 
an intramolecular (4 + 2)-cycloaddition of the N-allyl-C=C-bond to the 2-azadiene unit 
in 3, which gives rise to formation of N-containing polycycles in high yields [322]. 

Some aspects concerning the transition state of this (4 + 2)-cycloaddition with inverse 
electron demand follow from the reaction of 3- or 6-phenyl-1,2,4-triazine 5 or 8 with 
cyclopentanone enamines [323]. 

3-Phenyl-1,2,4-triazine (5) leads (via transition state 11) to the 3,4-dihydropyridine 6, 
which (after oxidation and Cops elimination) affords the 2-phenylcyclopenta|c]pyridine 
7; 6-phenyl-1,2,4-triazine (8) leads to the 3,4-dihydropyridine 9 (via transition state 12) 
and (after amine elimination) to 5-phenylcyclopenta|c|pyridine 10. These results indicate 
that product formation is decisively influenced by secondary orbital interactions between 
the amino and phenyl groups in the transition states preceding cycloaddition. 


Ph ne Ph 
ee Fan (442)-CA Z . NZ 
| fe —_—_—_—_—_—_—_—> N —_—_—_——_—> | 
Sy-N —No ~ —HNRp5 NS 
5 6 7 
N 
ol Fig (442)-CA N7 NZ 
~ N+ —_____» Ss oe | 
Ph~ ~N° —Np hie — HNRe S 
Ph? Ph 
8 9 10 
i aa am 
<< >ph Ph-—K D> 


With ynamines, 1,2,4-triazines react like 1,3-diazadienes in a (4 + 2)-cycloaddition, 
but — in contrast to enamines and enolethers — across the ring positions N-2 and C-5; the 
primary cycloadducts 13 eliminate a nitrile unit R?-CN by N-N cleavage, giving rise to 
4-aminosubstituted pyrimidines 14: 
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R ‘i > 
oll BYE ls 
R2 at R NZ | 
ne r a HS > Syn 
R37 Sy-N * NR> —R°-CN 7 
13 14 


Retrosynthesis (see Figure 6.26) of 1,2,4-triazine can be conducted on two routes. 

Route a: FGA and disconnection at the N-4/C-5 bond (via intermediate 15) leads 
to 1,2-dicarbonyl compounds and amidrazones or semicarbazides as potential educts 
for cyclocondensation. Alternatively, FGA by NH; elimination from 15 suggests (via 
intermediate 17) 1,2-dicarbonyl compounds and hydrazides as starting materials. 

Route b: FGA and disconnection at the N-1/C-6 bond leads to intermediate 16 as 
a precursor for hydrazine and a-acylamino ketones as suitable educt materials for an 
oxidative cyclization. 

For the synthesis of 1,2,4-triazines [324], the following approaches find application. 


(1) Universal method is the cyclocondensation of symmetrical 1,2-dicarbonyl com- 
pounds with amidrazones, which affords 3,5,6-trisubstituted 1,2,4-triazines 18: 


RL_.O ee AL NS 
ae as 
R'So HN “ae? RI Sy 
18 
} 1 H 
—H 0 | R Oo HO 2 
oe Yt R! NaR 1— HO 
R! ns Nila, ee S n a 
x4 aw 
19 «OF 20 


Primary products are the (often isolable) hydrazones 19, which cyclize to 18 via 
the hemiaminal 20. Mixtures of isomeric triazines are usually obtained from unsym- 
metrical 1,2-dicarbonyl compounds; 1,2-ketoaldehydes, however, lead predominantly to 


aN @ Oo. ae kan 
cast 
pe a — Frey >t : 
e]| ll 
+ HO —NHg 
N 2H N On7 
a + pa oie we aa pa 
x! +H,0 O a S$) NH = fe 


+ NoHy 17 


Figure 6.26 Retrosynthesis of 1,2,4-triazine. 
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3,5-disubstituted 1,2,4-triazines 21, since for hydrazone formation the more electrophilic 
aldehyde-C=O is favored: 

R10 HoN RR? RL NAP 
-N ~2H,0 Sy -N 
H~ So HN 2 H~ ~N 
Analogously, semicarbazide and 1,2-dicarbonyl compounds yield 1,2,4-triazin-3(2 H)- 
ones 22, again via intermediates of the type 19 and 20: 
R_4O HNO 
2 R ZNve0 
’ NH = -2H,0 NH 7? 
R~ SO —-H)N* . R~ ~N* 
With amidrazones, a-Keto carboxylic acids provide 1,2,4-triazin-5(4H)-ones 23, and 
with semicarbazide they provide 2,3,4,5-tetrahydro-1,2,4-triazine-3,5-diones 24 : 
HyN —_R? HN 0 
H + na + H 
Ox Ny. JAF oN Ox LOH -NH Ov NO 
a Ty <8 YY ear 
RiaSy-N -2H,0 Rio ~2HsO Rit Sy-NH 
(2) a-Keto-N-acylhydrazones 25 (accessible from 1,2-dicarbonyl compounds and acid 
hydrazides) undergo cyclocondensation with NH; to give 1,2,4-triazines either directly 
or after conversion into a-chloroazines 26: 
RIL 0 Ox 4? R30 Rye 
rt i Ba H PCls +NHg 
+ eNH = —H,0 SyeNvg? Tpocg aI SeNg Cl no 
R! fe) HN 2 R" N a — HCI : a _ en 
R? R 
25 26 
R! N R? 
NH - 
| : - LF 
—H 0 R! N? 


(3) A frequently used method is the cyclocondensation of a-acylamino ketones with 
hydrazine giving rise to 4,5-dihydro-1,2,4-triazines 27, which can be dehydrogenated to 
triazines 28: 


H 
2 2 2 1 
R ie ie NoH4 R a [0] R ZNW ER 
—2H,0 Ss, -N N 
Re“No O° a Ro~ SN’ “en Ro SN’ 

27 28 


2m 
w, 


1,2,4-Triazine is a yellow, thermally unstable substance, mp 16°C, bp 158°C. It is 
prepared from formamidrazone hydrochloride and monomeric glyoxal in the presence 
of NEty [325]. 


[> | 


508 


6 Six-Membered Heterocycles 


The 1,2,4-triazine system is a constituent of antibiotics of the pyrimido[5,4-c][1,2,4] 
triazine-5,7-dione type, for example, planomycin (29). Lamotrigine (30), a sodium channel 
blocker, is clinically used as an anticonvulsant. 

4-Amino-1,2,4-triazin-5(4H)-ones are biologically active; some of them are used as 
herbicides, for example, metribuzin (31) and metamitron (32). 


fe) Cl 
HC. N Cli, 


NHe NH 
77 . OWN SCH; OV NCH, 
oAN SN 7 ~N X ne Be T 
o > o 
CH, No ak (HgC)gC~ “N Ph~ ~N 


29 30 31 32 
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As shown by X-ray studies, the symmetrical 1,3,5-triazine exists as a planar, distorted 
hexagon with C-N distances of 131.9 pm and bond angles N—C-N of 126.8° and C-N—C 
of 113.2°. 

The H- and C-atoms are strongly deshielded in the NMR spectra (comparable to 
the 2-position in pyrimidine, see p. 463) because of the alternating ring N-atoms (1H 
NMR: 5 = 9.25; BC NMR: 6 = 166.1 (CDCls)). The UV spectrum (cyclohexane) shows 
maxima at 218 (2.13) and 272 (2.89) nm. 1,3,5-Triazine has few absorption bands in its 
IR spectrum due to its D3, symmetry, with four main bands at 1555 (E'), 1410 (E'), 735 
(Aj), and 675 cm~1(E!). 
1,3,5-Triazine is inert toward electrophiles. However, nucleophilic attack occurs readily 
and opens the ring, but in the case of alkyl- and aryl-1,3,5-triazines, only under forced 
conditions. Typical examples are the reaction of 1,3,5-triazine with primary amines, in 
which the heterocycle is cleaved into formamidine units 1, 


NAN wy 
2+.) 6 RNHp |) ——_> 3 HA { 
Wee —3NH3 UN-R 
A 
| +RNHp tal 
Y 4 
H 1 
ji H 
NANO N@°NH2 4 RNH NANH, 
fas = S a ad NHR 
PO ae eS 
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or the ring-opening by malonic ester in the presence of secondary amines yielding 
enamino ester 2, which corresponds to the transfer of an H-C=N unit onto the reactive 
methylene component accompanied by amine exchange: 


NAYN COOEt EtOOC H + RoNH EtOOC H 
wy + —> = > = 2 
> = NH3 
N COOEt EtOOC NH» EtOOC NR» 


Arenes and heteroarenes are formylated by 1,3,5-triazine in the presence of HCl in an 
analogous way (HCN-free GATTERMANN synthesis), 


>) 
NAN HCI @®NHp Cl HzO Oo 
1/3 J 4 Ar-H —' 5 | ar See ArX 
N H 4 H 


additional examples of the synthetic potential of 1,3,5-triazine are found in Ref. [326]. 
Retrosynthesis reduces the 1,3,5-triazine system by cycloreversion to three HCN or nitrile 
units. Alternatively, FGA and disconnection at the C=N units suggests amides and their 
analogs (imidic esters, amidines) as building-blocks for 1,3,5-triazine synthesis [327]. 


f 
v 
i, 


3 H-CEN 


(1) 2,4,6-Trisubstituted 1,3,5-triazines 3 are obtained by acid-, Lewis acid-, or 
base-catalyzed cyclo-trimerization of nitriles: 


ne a NH 
3 R-CEN——> i. “San he 
R~ SN~~R 
3 


For the acid-catalyzed process, the transition state ofa (2 + 2 + 2)-cycloaddition is postu- 

lated, whereas the base-catalyzed reaction is thought to proceed by a series of nucleophilic 
additions. Arylcyanides, arylcyanates, and cyano compounds with electron-attracting 
substituents (e.g., COOR, Cl) are most suitable for the cyclotrimerization. Alkylcyanides 
trimerize only at high temperature and pressure in moderate yields. 
(2) 1,3,5-Triazines of type 3 are also accessible by an acid-catalyzed cycloconden- 
sation of imido- esters with elimination of alcohol (see (1)). Combination of three 
imidoester units (functioning as activated nitriles) probably takes place by an electrophilic 
addition-elimination mechanism involving iminium ions as intermediates. 
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Cyclization of nitriles in the presence of NH; catalyzed by La(III) (with primary 
formation of amidines) is also effective [328]. 
(3) 1,3,5-Triazines 5 with three different 2,4,6-substituents are conveniently prepared 
by cyclocondensation of acylamidines 4 with amidines [329], acylamidines 4 result from 
amides and amide acetals. 
{" R! 
R3 
<4 MeO. NMe, A O NMe, * iH a 
n , Z ; Ay, JA 
NH, MeO Ro -2MeOH RI” SN ~R?2 —HNMep R27 SN~ ~R3 
4 =h? 5 


(4) 2,4-Diaryl-1,3,5-triazines 9 are obtained from 5-methoxymethylene-2,2-dimethyl-1,3- 
dioxane-4,6-dione 6 (accessible from MELDRuUm’s acid, cf. p. 452) by sequential condensa- 
tion with two molecules of an arylamidine [330]. Triazine formation is thought to proceed 
via condensation of the first amidine with 6 to give intermediate 7 and addition of the 
second amidine moiety to give the bisaminal 8, which unexpectedly cyclizes to 9 with 
elimination of NH3 and MetpRrum’s acid. 


O NH NH Ar 
O OMe | Ar Oo AK HN 
SS ke Se ai AG id = se a 
—MeOH re) NH 
O HN—€ 
6 oes e Ar 
Ar. N. UAr 1e) O 
Se I a 
— NH3 NaN Or LO 
: A 


1,3,5-Triazine, mp 80°C, forms colorless needles. It is prepared by thermal cycloconden- 
sation of formamidine acetate and triethyl orthoformate [331]: 


) +3 HC(OEt), 
NH ©) 135-140°C N7>N 
3 HX ~~ CH;cOO) —————> yp e%) 
NH» —3 EtOH SN 
~3CH3COOH 


Cyanuric chloride (2,4,6-trichloro-1,3,5-triazine), mp 145°C, bp 190°C, is produced 
commercially by gaseous trimerization of cyanogen chloride over charcoal catalysts. 
Cyanuric chloride behaves as a heterocyclic acid chloride analog. Its reactive chlorine 
atoms are easily substituted (also stepwise) by SyAr processes: 


Cl Nu 
uA are sR NuH = H,0, ROH, RSH, 
Ie WY TS HCl | RNH>, RoNH, etc. 
ata a tent on 


For this reason, cyanuric chloride is used as a chlorinating and dehydrating agent 
in organic synthesis. It transforms (preferably secondary) alcohols into alkyl halides, 
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carboxylic acids into acid halides, hydroxy carboxylic acids into lactones, and aldoximes 
into nitriles: 


©) van © 
R1-CH-OH SN 
oo Cl Cl — 
= © 
sig O™ pce 


The reactions a—c can be interpreted as proceeding by an initial addition of the oxygen 
nucleophile to the chlorotriazine followed by loss of the alkyl halide with O-dealkylation. 
This sequence leads to the product and to the formation of dichlorotriazin-2(1H)-one 
(10). Repetition of this sequence involving all available chlorine atoms finally produces 
cyanuric acid (see below): 


Cl a Cl 
NAN + ROH N* Ne yaw products 
| o—~— —_—-—> — 
oho oy SR =H cto 
10 
cl 
nant . 
~ Cl Yo a 
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The intermediate 11 is thought to account for the lactone formation (c). 

Cyanuric chloride is also used for the introduction of a “linker group” into dyes. 
The SyAr reactivity of the chlorotriazine system leads to covalent bonding with the OH 
groups of cellulosic fibers, for example, cotton (reactive dyes, e.g., cibacron and procion 
dyes, e.g., 12 [332]): 


: Gl 
ave 
aan N=N _,COOH 
res / 
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SOgH 


Finally, cyanuric chloride is used as educt for the production of the 1,3,5-triazine 
herbicides which have two (often differently substituted) amino groups in the 2- and 
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4-positions, and Cl, OCH3, or SCH; substitutents in position 6. Important examples are 
simazine (13) and atrazine (14): 


HN-C2Hs 


pa 13: R=CoHs 
NN 


| 
14: R=CH(CH 


1,3,5-Triazine herbicides are photosynthesis inhibitors. They interrupt the 
light-induced electron transfer of water to NADP®. 

Melamine (2,4,6,-triamino-1,3,5-triazine) is obtained by trimerization of cyanamide or 
commercially by thermal cyclocondensation of urea at 400°C with elimination of NH; 
and CO. Polycondensation of melamine with formaldehyde produces melamine resins 
that are used as plastics, glues, and adhesives. 

Cyanuric acid (15, 2,4,6-trihydroxy-1,3,5-triazine) was obtained by SCHEELE (1776) from 
pyrolysis of uric acid and was the first 1,3,5-triazine derivative known. Cyanuric acid is 
synthesized by trimerization of isocyanic acid and is tautomeric with isocyanuric acid 
(16): 

OH O 
N ay ls N A N° ds 
HO syhon oA no 


H 
15 16 


O-Alkyl derivatives of cyanuric acid (cyanurates) are formed by trimerization of cyanates 
or by the action of alcoholate on cyanuric chloride (see above). N-Alkyl derivatives of 
isocyanuric acid are produced by trimerization of isocyanates. Tris-O-allyl cyanurate, 
which is produced commerically from cyanuric chloride and allyl alcohol, is aco-monomer 
for the production of polymers used in high temperature insulation. 
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According to X-ray studies, 1,2,4,5-tetrazine is planar. Its structural parameters, bond 
lengths C-N 133.4 and N-N 132.1 pm, bond angles N-C-N 127.2 and C-N-N 115.6°, 
indicate a delocalized structure, which is best described by the two equal-energy KEKULE 
structures 1a and 1b: 
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The H- and C-atoms of 1,2,4,5-tetrazine are more strongly deshielded than those of 
1,3,5-triazine: 1H NMR 6 = 11.05, 8C NMR 65 = 161.2 (acetone-dg). 

1,2,4,5-Tetrazines are colored (red-violet). They have UV/VIS maxima in the visible 
region at 520-570 mn (n — n* transition), and in the UV region at 250-300nm 
(x — x* transition). They have a characteristic simple fragmentation pattern in the mass 
spectrum: 


A 7 N=N | ~ | ot 
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NaN Ne 7 ao ee en 
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Even more than 1,2,4-triazines (cf. p. 504), 1,2,4,5-tetrazines display heterodiene activity 
in their reactions toward electron-rich, multiply bonded systems. 

Enol ethers, enamines, ketene acetals, imido esters, alkynylamines, and nitriles un- 
dergo (4+ 2)-cycloadditions with inverse electron demand across the ring positions 
C-3 and C-6 [333]. Olefinic dienophiles lead to diverse products depending on their 
substituents: 
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As a rule, the primary hetero-D1E1s-ALDER adducts 2 cannot be isolated. In a 
retro-D1ELs-ALDER reaction, N> is eliminated and 2 gives rise to a 4,5-dihydropyridazine 
3, which (especially if X=H) by a 1,5 hydrogen shift is converted to the more stable 
1,4-dihydropyridazine 7, or (if X=OR and NR) by dehydrogenation or HX elimina- 
tion to the pyridazines 5 or 6. As a diazadiene, the dihydro-1,2-diazine 3 can also 
engage in a further Diets-ALpER reaction with excess of alkene yielding the stable 
2,3-diazabicyclo[2.2.2]oct-2-ene 4. 

Alkynes and 1,2,4,5-tetrazines primarily lead to the cycloadduct tetraazabicyclo[2.2.2]- 
octatriene 8, which undergoes cycloreversion by extrusion of Nz to render the 
pyridazine 6. 

Nitriles and 1,2,3,5-tetrazines afford 1,2,4-triazines 9 by (4+ 2)-cycloaddition and 
subsequent N2-elimination. 

The Diets-ALDER reactivity of 1,2,4,5-tetrazines can be utilized for the synthesis of 
other heterocycles, for example, isobenzofuran, isoindole, and isobenzofulvene from the 
benzonorbornadienes 10: 


R 
X =O, NR, =. 


In this reaction, the 1,2,4,5-tetrazine formally effects the extrusion of an acetylene unit 
from 10 and thereby converts the benzenoid educt into the quinonoid product 11 [334]. 
Retrosynthesis of 1,2,4,5-tetrazine can be carried out on two routes. 

In route a (FGA and C/N-disconnections), hydrazine is eliminated, followed by FGA 
(reduction of the remaining N=N bond) in 12. In route b, the retrosynthetic operations 
are reversed. 

Both approaches suggest 1,2-diacylhydrazines and hydrazine as starting materials. 
Alternatively, the intermediate 13 can be C/N-disconnected into hydrazine and carboxylic 
acid. 


HO "12 > NH 
by BY a 
Y SS 


Naw 


Hence, for the synthesis of 1,2,4,5-tetrazines [335] two methods are mainly used. 


(1) 1,4-Dichloroazines 14 cyclocondense with hydrazine giving dihydro-1,2,4,5- 
tetrazines 15, which on dehydrogenation yield symmetrically or unsymmetrically 
substituted 1,2,4,5-tetrazines 16: 
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HN-NH PCs} NO ch N-NH 
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1,4-Dichloroazines are accessible by chlorination of either 1,2-diacylhydrazines with 
PCl;, of acylhydrazones with SOC])/Cl), or of aldazines with Cl. 
(2) Symmetrically substituted 1,2,4,5-tetrazines 20 are obtained by reaction of nitriles 
with hydrazine: 


2 .R-c=N Le a ene ee a 
= 4 I 1 
i 18 
+ NoHy 17 


In the primary step, addition of hydrazine to the nitrile function leads to amidrazones, 
which cyclocondense by dimerization giving rise to 1,4-dihydro-1,2,4,5-tetrazines 17, 
whose dehydrogenation gives 20. 

In an alternative method, thiohydrazides 18 or S-alkyl isothiohydrazides 19 un- 
dergo oxidative dimerization (likewise via 1,4-dihydro-1,2,4,5-tetrazines 17) to afford 
1,2,4,5-tetrazines; as by-products, 1-aminotriazoles 21 are formed. 


1,2,4,5-Tetrazine, crimson crystals, mp 99°C, is formed by thermal decarboxylation of 
1,2,4,5-tetrazine-3,6-dicarboxylic acid (HANTzScH, 1900). 

Verdazyls (24) are intensely green azaallyl radicals of a tetrahydro-1,2,4,5-tetrazine 
type. They are obtained by the H*-catalyzed cyclocondensation of aldehydes, usually 
formaldehyde, with formazanes 22 and reduction of the initially produced verdazylium 
ions 23 in basic medium (KuHN, 1963) [336]: 
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Further reduction of the verdazyls leads to 1,2,3,4-tetrahydro-1,2,4,5-tetrazines 25. 
Verdazyls 24 can be reoxidized to the verdazylium ions 23 by o-quinones; in this SET 
process, the o-quinones are converted to the corresponding o-semiquinones. 

Verdazyls of the type 27 are very stable. They are produced by dehydrogenation of 
1,4,5,6-tetrahydro-1,2,4,5-tetrazin-3(2H)-ones or -thiones 26 [337]: 


Kg[Fe(CN)g] oh 
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The 1,5-dimethyl-3-phenyl-6-oxoverdazyl radical (28) undergoes a cycloaddition in the 
presence of O2 to a variety of acceptor-substituted olefinic substrates (acrylates, maleates, 
fumarates, etc.) to yield to bicyclic systems 29 [338], for example: 
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The cycloaddition proceeds regioselectively (and stereoselectively with stereodefined 
olefins) and is interpreted as a 1,3-dipolar cycloaddition via the azomethine ylide 31, 
which results from disproportionation of the verdazyl radical 28 to give the 1,3-dipole 31 
and leukoverdazyl 30, which is readily reoxidized to 28 by aerial Op. 

The imidazotetrazinone temozolomide (32) is medicinally applied as a cancer thera- 
peutic agent; the cyclic triazene moiety is considered to produce a cascade of ionic and/or 
radical species with antitumoral effects [339]. 


References 


Is 


10. 


he 


12. 


13. 


For an overview on pyrylium chemistry, 
see: Balaban, T.S. and Balaban, A.T. (2003) 
Sci. Synth., 14.1, 11. 

Schroth, W. (1989) Rev. Roum. Chim., 34, 
271. 

Liebscher, J. and Hartmann, H. (1979) 
Synthesis, 241. 

(a) Tietze, L.F. and Eicher, T. (1991) 
Reaktionen und Synthesen, Georg Thieme 
Verlag, Stuttgart, p. 348 ff (b) Tietze, 
L.F. and Eicher, T. (1989) Reactions and 
Syntheses, University Science Books, Mill 
Valley, p. 318 ff. 

Tietze, L.F., Eicher, T., Diederichsen, U., 
and Speicher, A. (2007) Reactions and 
Syntheses, Wiley-VCH Verlag GmbH, 
Weinheim, p. 249 ff. 

Klages, F. and Trager, H. (1953) Chem. 
Ber., 86, 1327. 

Menz, H. and Kirsch, S.F. (2006) Org. 
Lett., 8, 4795. 

Brogden, P.J., Gabbutt, C.D., and 
Hepworth, J.D. (1984) in Comprehensive 
Heterocyclic Chemistry, vol. 3 (eds A.R. 
Katritzky, C.W. Rees, A.J. Boulton, and A. 
McKillop), Pergamon, Oxford, p. 634 ff. 
Chapman, O.L., McIntosh, C.L., and 
Pacansky, J. (1973) J. Am. Chem. Soc., 95, 
614. 

For an overview on the Diels-Alder chem- 
istry of 2-pyrone: Kim, H.-Y. and Cho, 
C.-G. (2007) in Progress in Heterocyclic 
Chemistry, vol. 18 (eds G.W. Gribble and 
J.A. Joule), Elsevier Ltd., Oxford, pp. 1 ff. 
Afarinkia, K. and Vinader, V. (2003) Sci. 
Synth., 14.3.1, 275. 

For a recent example: Zhou, Q.-F., Zhu, 
Y.-., Tang, W.-F., and Lu, T. (2010) Synthe- 
sis, 211. 

Eicher, T. and Weber, J.L. (1975) Top. 
Curr. Chem., 57, 1. 


14. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 
26. 


References 


Rousset, S., Abarbri, M., Thibonnet, J., 
Duchene, A., and Parrain, J.-L. (2000) 
Chem. Commun., 1987. 


. 15. For the chemistry of dehydroacetic 


acid: Moreno-Manas, M. and Pleixats, R. 
(1992) Adv. Heterocycl. Chem., 53, 1. 


. Harris, T.M. and Wachter, M.P. (1970) 


Tetrahedron, 26, 5255. 


. Ziegler, T., Layh, M., and Effenberger, F. 


(1987) Chem. Ber., 120, 1347. 


. Martin, S.F., Rueger, H., Williamson, S.A., 


and Greiszczak, S. (1987) J. Am. Chem. 
Soc., 109, 6124. 

Sampath Kumar, H.M., Subba Reddy, 
B.V., Reddy, E.J., and Yadav, J.S. (1999) 
Chem. Lett., 857. 

(a) Sauer, J. and Sustmann, R. (1980) 
Angew. Chem. Int. Ed., 19, 779; (b) Ap- 
plication in natural product synthesis: 
Kametani, T. and Hibino, S. (1987) Adv. 
Heterocycl. Chem., 42, 246. 

Hercouet, A. and Le Corre, M. (1981) 
Tetrahedron, 37, 2861. 

Semeyn, C., Blaauw, R.H., Hiemstra, H., 
and Speckamp, W.N. (1997) J. Org. Chem., 
62, 3426. 

Tietze, L.F. (1983) Angew. Chem., Int. Ed. 
Engl., 22, 828. 

Greeves, N. and Lee, W.-M. (1997) Tetrahe- 
dron Lett., 38, 6449. 

Ho, P.T. (1982) Can. J. Chem., 60, 90. 

(a) Van Otterlo, W.A.L., Ngidi, E.L., 
Kuzvidza, S., Morgans, G.L., Moleele, 
S.S., and De Koning, C.B. (2005) Tetrahe- 
dron, 61, 9996; (b) for comparison: Bera, 
K., Sarkar, S., Biswas, S., Maiti, S., and 
Jana, U. (2011) J. Org. Chem., 76, 3539. 


. Pelter, A., Hussain, A., Smith, G., and 


Ward, R.S. (1997) Tetrahedron, 53, 3879. 


. Tyer, N.W. Jr. and Becker, R.S. (1970) 


J. Am. Chem. Soc., 92, 1295. 


. Williams, A.C. and Camps, N. (2003) Sci. 


Synth., 14.4.1, 350. 


517 


518 


6 Six-Membered Heterocycles 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


45. 


46. 


47. 


Sugino, T. and Tanaka, K. (2001) Chem. 
Lett., 110. 
Raju, B.C., Babu, T.H., and Rao, J.M. 


(2009) Indian J. Chem., Sect. B: Org. Chem. 


Incl. Med. Chem., 48, 120. 

Sharma, G.V., Reddy, J.J., Lakshmi, P.S., 
and Krishna, P.R. (2005) Tetrahedron Lett., 
46, 6119. 

Dabiri, M., Baghbanzadeh, M., Kiani, S., 
and Vakilzadeh, Y. (2007) Monatsh. Chem.., 
138, 997. 

Madhav, J.V., Kuarm, B.S., Someshvar, 
P., Rajitha, B., Reddy, Y.R.T., and Crooks, 
P.A. (2008) J. Chem. Res., 232. 

Singhal, S., Jain, S.L., and Sain, B. (2008) 
Heterocycles, 75, 1205. 

Karimi, B. and Zareyee, D. (2008) Org. 
Lett., 10, 3989. 

Kraus, G.A. and Pezzanite, J.O. (1979) J. 
Org. Chem., 44, 2280. 

(a) Trost, B.M. and Toste, F.D. (1996) 
J.Am. Chem. Soc., 118, 6305; (b) Park, 
K.H., Jung, I.G., and Chung, Y.K. (2004) 
Synlett, 2541; (c) Trost, B.M., Toste, F.D., 
and Greenman, K. (2003) J. Am. Chem. 
Soc., 125, 4518. 

Torang, J., Vanderheiden, S., Nieger, M., 
and Brase, S. (2007) Eur. J. Org. Chem., 
943. 

Kadnikov, D.V. and Larock, R. (2003) J. 
Org. Chem., 68, 9423. 

Barton, D.H.R., Hewitt, G., and Sammes, 
P.G. (1969) J. Chem. Soc. (C) 16. 

(a) Murray, R.D.H., Mendez, J., and 
Brown, S.A. (1982) The Natural Cumarins, 
John Wiley & Sons, Inc., New York; (b) 
Murray, R.D.H. (1989) Nat. Prod. Rep., 6, 
591. 

Cf. Kleemann, A. and Engel, J. (1999) 
Pharmaceutical Substances, 3rd edn, Georg 
Thieme Verlag, Stuttgart, p. 2010. 


. Mali, R.S. and Babu, K.N. (1998) J. Org. 


Chem., 63, 2488. 

Kurume, A., Kamata, Y., Yamashita, M., 
Wang, Q., Matsuda, H., Yoshikawa, M., 
Kawasaki, I., and Ohta, S. (2008) Chem. 
Pharm. Bull., 56, 1264. 

(a) Williams, A.C. and Camp, N. (2003) 
Sci. Synth., 14.4.5, 536; (b) Pal, S., 
Chatare, V., and Pal, M. (2011) Curr. 
Org. Chem., 15, 782. 

Subramanian, V., Batchu, V.R., Barange, 
D., and Pal, M. (2005) J. Org. Chem., 70, 
4778. 


49. 


50. 


51. 


52. 


53. 


54. 


55. 


56. 


57. 
58. 


59. 


60. 


61. 


62. 


63. 


64. 


65. 


66. 


67. 


68. 


Cherry, K., Parrain, J.-L., Thibonnet, J., 
Duchene, A., and Abarbri, M. (2005) J. 
Org. Chem., 70, 6669. 

Le Bras, G., Hamze, A., Messaudi, S., 
Provot, O., Le Calvet, P.-B., Brion, J.-D., 
and Alami, M. (2008) Synthesis, 1607. 
Kajita, Y., Kurahashi, T., and Matsubara, 
S. (2008) J. Am. Chem. Soc., 130, 17226. 
Kuznetsov, E.V., Shcherbakova, I.V., and 
Balaban, A.T. (1990) Adv. Heterocycl. 
Chem., 50, 158. 

Nogradi, M. (2003) Sci. Synth., 14.2.1, 
201. 

(a) Tietze, L.F. and Eicher, T. (1991) 
Reaktionen und Synthesen, Georg Thieme 
Verlag, Stuttgart, p. 351; (b) Tietze, L.F. 
and Eicher, T. (1989) Reactions and Synthe- 
ses, University Science Books, Mill Valley, 
p. 321. 

Harborne, J.B. and Baxter, H. (eds) (1999) 
The Handbook of Natural Flavonoids, vols. 
1 and 2, Wiley-VCH Verlag GmbH, Wein- 
heim. 

Bayer, E., Egeter, H., Fink, A., Netker, K., 
and Wegmann, K. (1966) Angew. Chem. 
Int. Ed., 5, 791. 

Smith, C.W., Norton, D.G., and Ballard, 
S.A. (1951) J. Am. Chem. Soc., 73, 5270. 
Collie, J.N. (1907) J. Chem. Soc., 1809. 
Afarinkia, K. and Vinader, V. (2003) Sci. 
Synth., 14.3.3, 320. 

Hercouet, A. and Le Corre, M. (1979) 
Tetrahedron Lett., 20, 2995. 

Williams, A.C. and Camp, N. (2003) Sci. 
Synth., 14.4.3, 444. 

Nagarathan, D. and Cushman, M. (1991) 
Tetrahedron, 47, 5071. 

Su, W.K., Zhu, X.Y., and Li, Z.H. (2009) 
Org. Prep. Proced. Int., 41, 69. 

Laas, H.J. and Eicher, T. (1989) J. Hattori 
Lab, 67, 383. 

Miao, H. and Yang, Z. (2000) Org. Lett., 2, 
1765. 

Shimizu, M., Tsurugi, H., Satoh, T., and 
Miura, M. (2008) Chem. Asian J., 3, 881. 
Li, W., Liu, F., and Zhang, P. (2008) J. 
Chem. Res., 683. 

(a) Zinsmeister, H.D., Becker, H.., and 
Eicher, T. (1991) Angew. Chem. Int. Ed., 
30, 130; (b) Veitch, N.C. and Grayer, R.J. 
(2008) Nat. Prod. Rep., 25, 555. 

(a) Zaharko, D.S., Grieshaber, C.K., 
Plowman, J., and Cradock, J.C. (1986) 


69. 


70. 


71. 


72. 


73. 


74, 


75. 


76. 


77. 


78. 


79. 


80. 


81. 


82. 


83. 


84. 


Cancer Treat. Rep., 70, 1415; (b) Wurm, 
G. (1990) Dtsch. Apoth.-Z., 130, 2306. 
Blasko, G., Shieh, H.-L., Pezzuto, J.M., 
and Cordell, G.A. (1989) J. Nat. Prod., 52, 
1363. 

Hiinig, S. (1964) Angew. Chem., Int. Ed. 
Engl., 3, 348. 

Cohen, N., Lopresti, R.J., and Neukom, C. 
(1981) J. Org. Chem., 46, 2445. 

Parham, W.E., Jones, L.D., and Sayed, 
Y.A. (1976) J. Org. Chem., 41, 1184. 

(a) Palucki, M., Wolfe, J.P., and Buchwald, 
S.L. (1996) J. Am. Chem. Soc., 118, 

10333; (b) compare: Vece, V., Ricci, J., 
Poulain-Martini, S., Nava, P., Carissan, Y., 
Humbel, S., and Dunach, E. (2010) Eur. J. 
Org. Chem., 6239. 

(a) Zhang, Z., Pan, C., and Wang, Z. 
(2007) Chem. Commun. (Cambridge), 4686; 
(b) compare: Tripathi, A.K., Koul, S., and 
Taneja, S.C. (2010) Indian J. Chem., Sect. 
B: Org. Chem. Incl. Med. Chem., 49, 1561. 
Choukchou-Braham, N., Mostefa-Kara, B., 
Cheikh, N., Didi, M.A., and Villemin, D. 
(2005) Synth. Commun., 35, 169. 

Takano, S., Sugikara, T., and Ogasawara, 
K. (1990) Synlett, 451. 

Wiberg, K.B., Nakaji, D., and Breneman, 
C.N. (1989) J. Am. Chem. Soc., 111, 4178; 
also described: electronic structures of 
diazines, 1,3,5-triazine, 1,2,4,5-tetrazine. 
Del Bene, J.E. (1979) J. Am. Chem. Soc., 
101, 6184. 

Ragnarsson, U. and Grehn, L. (1998) Acc. 
Chem. Res., 31, 494. 

(a) Katritzky, A.R. and Taylor, R. (1990) 
Adv. Heterocycl. Chem., 47, 1; (b) 
Katritzky, A.R. and Fan, W.-Q. (1992) 
Heterocycles, 34, 2179. 

(a) Bakke, J.M., Ranes, E., Riha, J., and 
Svensen, H. (1999) Acta Chem. Scand., 53, 
141; (b) Bakke, J.M. and Riha, J. (1999) 
Acta Chem. Scand., 53, 356; (c) Bakke, 
J.M. (2005) J. Heterocycl. Chem., 42, 463; 


(d) Katritzky, A.R. et al. (2005) Org. Biomol. 


Chem., 3, 538. 

Saidova, F.M. and Filatova, E.A. (1978) J. 
Org. Chem. USSR (Engl. Trans.), 47, 1042. 
Liveris, M. and Miller, J. (1963) J. Chem. 
Soc., 3486. 

For a Pd-catalyzed SyAr application, see: 
Lorimer, A.V., O’Commor, P.D., and 
Brimble, M.A. (2008) Synthesis, 2764. 


85. 


86. 


87. 


88. 


89. 


90. 


91. 


92. 


93. 


94. 


95. 


96. 


97. 


98. 


99. 


100. 


References 


Jamart-Gregoir, B., Leger, C., and Caubere, 
P. (1990) Tetrahedron Lett., 31, 7599. 

(a) Pozharski, A.F., Simonow, A.M., and 
Doron’kin, V.N. (1978) Russ. Chem. Rev. 
(Engl. Trans.), 47, 1042; (b) McGill, C.K. 
and Rappa, A. (1988) Adv. Heterocycl. 
Chem., 44, 1. 

Zoltewicz, J.A., Grahe, G., and Smith, C.L. 
(1969) J. Am. Chem. Soc., 91, 5501. 

For further examples see:(a) Lipshutz, 
B.H., Pfeiffer, $.S., and Chrisman, W. 
(1999) Tetrahedron Lett., 40, 7889; (b) 
Gros, P. and Fort, Y. (1998) J. Chem. Soc. 
Perkin Trans. 1, 3515. 

Vandromme, L., Reissig, H.-U., Groeper, 
S., and Rabe, J.P. (2008) Eur. J. Org. 
Chem., 2049. 

Bryce-Smith, D., Morris, P.L., and 
Wakefield, B.J. (1976) J. Chem. Soc., Perkin 
Trans. 1, 1331. 

Nakao, Y., Kanyiva, K.S., and Hiyama, T. 
(2008) J. Am. Chem. Soc., 130, 2448. 
Chen, X., Hao, X.-S., Goodhue, C.E., and 
Yu, J.-Q. (2006) J. Am. Chem. Soc., 128, 
6790. 

Thu, H.-Y., Yu, W.-Y., and Che, C.-M. 
(2006) J. Am. Chem. Soc., 128, 9048. 
Black, D.A., Beveridge, R.E., and Arndtsen, 
B.A. (2008) J. Org. Chem., 73, 1906. 
Corey, E.J. and Tian, Y. (2005) Org. Lett., 
7, 5535. 

(a) Zoltewicz, J.A., Grahe, G., and Smith, 
C.L. (1969) J. Am. Chem. Soc., 91, 5501; 
(b) DePuy, C.H., Kass, S.R., and Bean, 
G.P. (1988) J. Org. Chem., 53, 4427. 

(a) Kréhnke, F. (1933) Ber. Dtsch. Chem. 
Ges., 66, 604; see also: (b) Johnson, A.N. 
(1966) Ylide Chemistry, Academic Press, 
New York. 

Cf. Tietze, L.F., Eicher, T., Diederichsen, 
U., and Speicher, A. (2007) Reactions and 
Syntheses, Wiley-VCH Verlag GmbH, 
Weinheim, p. 333 ff. 

(a) Katritzky, A.R. and Lagowski, J.M. 
(1971) Heterocyclic N-Oxides, Methuen, 
London; (b) Katritzky, A.R. and Lam, J.N. 
(1992) Heterocycles, 33, 1911. 

As an efficient method is recommended 
the in situ generation of trifluoroperacetic 
acid by using the urea-H20 complex 

as oxidant: Rong, D., Phillips, V.A., 
Sanchez Rubio, R., Castro, M.A., and 
Wheelhouse, R.T. (2008) Tetrahedron Lett., 
48, 6933. 


519 


520 


6 Six-Membered Heterocycles 


101. 


102. 


103. 


104. 


105. 


106. 


107. 


108. 


109. 


110. 


Ma; 
112. 


113. 


114. 


115. 


116. 


117. 
118. 


Yamamoto, J., Imagawa, M., Yamauchi, S., 
Nakazawa, O., Umezu, M., and Matsuura, 
T. (1981) Tetrahedron, 37, 1871. 

Feely, W., Lehn, W.L., and Boekelheide, V. 
(1957) J. Org. Chem., 22, 1135. 

Yin, J., Xiang, B., Huffman, M.A., Raab, 
C.E., and Davies, I.W. (2007) J. Org. 
Chem., 72, 4554. 

Fontenas, C., Bejan, E., Ait Haddou, 

H., and Balavoine, G.G.A. (1995) Synth. 
Commun., 25, 629. 

Ash, M.L. and Pews, R.G. (1981) J. Hetero- 
cycl. Chem., 18, 939. 

Mc Killop, A. and Bhagrath, M.K. (1985) 
Heterocycles, 23, 1697. 

For the course of this arrangement see: 
Bodalski, R. and Katritzky, A.R. (1968) J. 
Chem. Soc. (B), 831. 

(a) Cho, S.H., Hwang, S.J., and Chang, 

S. (2008) J. Am. Chem. Soc., 130, 9254; 

(b) Pd-catalyzed direct a-arylation of 
pyridine-N-oxides: Campeau, L.-C., Stuart, 
D.R., Leclerc, J.-P., Bertrand-Laperle, M., 
Villemure, E., Sun, H.-Y., Lasserre, S., 
Guimond, N., Lecavallier, M., and Fagnou, 
K. (2009) J. Am. Chem. Soc., 131, 3291. 
Barlow, M.G., Hazeldine, R.N., and 
Dingwall, J.G. (1973) J. Chem. Soc. Perkin 
Trans. 1, 1542. 

Regitz, M. (1991) Nachr. Chem. Tech. Lab, 
39, 9. 

Nastasi, M. (1976) Heterocycles, 4, 1509. 
(a) Weissermel, K. and Arpe, H.-J. (1988) 
Industrielle Organische Chemie, 3rd edn, 
Wiley-VCH Verlag GmbH, Weinheim, 

p- 202; (b) Weissermel, K. and Arpe, 
H.-J. Ed.: (1997) Industrial Organic Chem- 
istry, 3rd edn, VCH Weinheim and VCH 
publishers, New York, p. 190. 

Blough, B.E. and Carroll, F.1. (1993) Tetra- 
hedron Lett., 34, 7239. 

Sasse, W.H.F. (1973) Org. Synth. Coll., V, 
102. 

Bisquaternary salts of 4,4 -bipyridyl type 
also serve as electron relays in the pho- 
toreduction of water: Summers, L.A. 
(1991) J. Heterocycl. Chem., 28, 827. 
Deuchert, K. and Hiinig, S. (1978) Angew. 
Chem., Int. Ed. Engl., 17, 875. 

Spitzner, D. (2004) Sci. Synth., 15.1, 11. 
Bagley, M.C., Chapaneri, K., Dale, J.W., 
Xiong, X., and Bower, J. (2005) J. Org. 
Chem., 70, 1389. 


119. 


120. 


121. 


122. 


123. 


124. 


125. 


126. 


127. 


128. 


Hamilton, R., McCervey, M.A., and 
Rooney, J.J. (1976) J. Chem. Soc., Chem. 
Commun., 1038. 

Methods for dehydrogenation of 
1,4-dihydropyridines to pyridines: 

(a) [WBu4N]IO, in the presence of a 
Mn-Schiff base complex: Karimipour, 
G.R., Nasr-Esfahani, M., and Valipour, G. 
(2007) J. Chem. Res., 415; (b) Fe(NO3)3 
on clinoptilolite: Heravi, M., Bakhtiari, 
Oskooie, H.A., and Hekmatshoar, R. 
(2007) Russ. J. Org. Chem., 43, 1408; 

(c) 9-Phenyl-10-methylacridinium 
perchlorate/O2: Fang, X., Liu, Y.-C., and 
Li, C. (2007) J. Org. Chem., 72, 8608; (d) 
(H2N)2C=O x H202/Iy: Filipan-Litvic, 
M., Litvic, M., and Vinkovic, V. (2008) 
Tetrahedron, 64, 5649. 

(a) Bossert, F., Meyer, H., and Wehinger, 
E. (1981) Angew. Chem., Int. Ed. Engl., 20, 
762; (b) Goldmann, S. and Stoltefuf, J. 
(1991) Angew. Chem., Int. Ed. Engl., 30, 
1559; (c) Efficient variant by using aque- 
ous micelles: Kumar, A. and Maurya, R.A. 
(2008) Synlett, 883. 

Unexpectedly, 2-arylpyridines were ob- 
tained from Ar-CHO, 2 eq. acetoacetate 
and [NH4]OAc followed by air oxidation 
(solvent-free, catalyst-free, heat-free): Shen, 
L., Cao, S., Wu, J., Zhang, J., Li, H., Liu, 
N., and Xuian, X. (2009) Green Chem., 11, 
1414. 

De Paolis, O., Baffoe, J., Landge, S.M., and 
Toeroek, B. (2008) Synthesis, 3423. 
Nasr-Esfahani, M., Karami, B., and 
Hehzadi, M. (2009) J. Heterocycl. Chem.., 
46, 931. 

(a) Sridharan, V., Perumal, P.T., 
Avendano, C., and Menendez, J.C. 

(2007) Tetrahedron, 63, 4407; (b) fur- 
ther improvement by use of sulfonic acid 
functionalized silica: Das, S., Suneel, K., 
Venkateswarulu, K., and Ravikanth, B. 
(2008) Chem. Pharm. Bull., 56, 366. 

(a) Kumar, A. and Maurya, R.A. (2008) 
Tetrahedron, 64, 3477; (b) compare: Noole, 
A., Borissova, M., Lopp, M., and Kanger, 
T. (2011) J. Org. Chem., 76, 1538. 
compare: (a) Kiselyov, A.S. (1995) Tetra- 
hedron Lett., 36, 9297; (b) Palacios, F., de 
Retana, A.M.O., and Oyarzabal, J. (1996) 
Tetrahedron Lett., 37, 4577. 

Liu, S. and Liebeskind, L.S. (2008) J. Am. 
Chem. Soc., 130, 6918. 


129. 


130. 


131. 


132. 


133. 


134. 


135. 


136. 


137. 


138. 


139. 


140. 


141. 


142. 


143. 


Review: Heller, B. and Hapke, M. (2007) 
Chem. Soc. Rev., 36, 1085. 

(a) Bonnemann, H. and Brijoux, W. 
(1990) Adv. Heterocycl. Chem., 48, 117; (b) 
Fatland, A.W. and Eaton, B.E. (2000) Org. 
Lett., 2, 3131. 

Pyridines via zirkoniacyclopentadienes: 
Takahashi, T., Tsai, F.-Y., and Kotora, M. 
(2000) J. Am. Chem. Soc., 122, 4994. 
Tanaka, R., Yuza, A., Watai, Y.Y., Suzuki, 
D., Takayama, Y., Sato, F., and Urabe, H. 
(2005) J. Am. Chem. Soc., 127, 7774. 
Ohba, M., Izuta, R., and Shimizu, E. 
(2000) Tetrahedron Lett., 41, 10251. 
Clauson-Krus, N. and Nedenskov, P. 
(1955) Acta Chem. Scand., 9, 14. 

Kurita, H.J., Kojima, H., and Tsuchiya, T. 
(1981) Chem. Pharm. Bull., 29, 3688. 
Synthesis of pyridine alkaloids: Li, J.J. 
(2000) Prog. Heterocycl. Chem., 12, 37. 

(a) Cf. Tietze, L.F., Eicher, T., 
Diederichsen, U., and Speicher, A. (2007) 
Reactions and Syntheses, Wiley-VCH Verlag 
GmbH, Weinheim, p. 167 ff; (b) Syn- 
thesis of the herbicide paraquat (cf. p. 
468) from N-methylpyridinium chloride: 


Reuf$, R.H. and Winters, L.J. (1973) J. Org. 


Chem., 38, 3993. 

(a) Saigo, K., Usui, M., Kikuchi, K., 
Shimada, E., and Mukaiyama, T. (1977) 
Bull. Chem. Soc. Jpn., 50, 1863; (b) cf. 
Tietze, L.F., Eicher, T., Diederichsen, U., 
and Speicher, A. (2007) Reactions and 
Syntheses, Wiley-VCH Verlag GmbH, 
Weinheim, p. 246 ff. 

(a) Ried, W. and Bender, H. (1956) Chem. 
Ber., 89, 1893; (b) Ried, W. and Gross, 
R.M. (1957) Chem. Ber., 90, 2646. 

For further examples of synthetic trans- 
formations mediated by pyridine, see: (a) 
Katritzky, A.R. (1980) Tetrahedron, 36, 679; 
(b) Katritzky, A.R., Saba, A., and Pabel, 
R.C. (1981) J. Chem. Soc., Perkin Trans. 1, 
1462. 

Johnson, C.D. (1984) in Comprehensive 
Heterocyclic Chemistry, vol. 2 (eds A.R. 
Katritzky, C.W. Rees, A. Boulton, and A. 
McKillop), Pergamon Press, Oxford, pp. 
147 ff. 

Tieckelmann, H. (1974) Chem. Heterocycl. 
Compd., 14, 597. 

Hayashi, M., Yamuchi, K., and Kinoshita, 
M. (1977) Bull. Chem. Soc. Jpn., 50, 1510. 


144, 


145. 


146. 


147. 


148. 


149. 


150. 


151. 


152. 


153. 


154. 


155. 


156. 


157. 


158. 


159. 


160. 


161. 


References 


Lanni, E.L., Bosscher, M.A., Ooms, B.D., 
Shandro, C.A., Ellsworth, B.A., and 
Anderson, C.A. (2008) J. Org. Chem., 

73, 6425. 

For application in natural product synthe- 
sis, see: Herdeis, C. and Hartke, C. (1988) 
Synthesis, 76. (desethylibogamin). 

Ishag, C.J., Fischer, K.J., Ibrahim, B.E., 
Ishander, G.M., and Katritzky, A.R. (1988) 
J. Chem. Soc. Perkin Trans. 1, 917. 
Spitzner, D. (2004) Sci. Synth., 15.2.1, 
285. 

Jinemann, W., Opgenorth, H.-J., and 
Scheuermannm, H. (1980) Angew. Chem., 
Int. Ed. Engl., 19, 388. 

Takaoka, K., Aoyama, T., and Shioiri, T. 
(1996) Tetrahedron Lett., 37, 4977. 
Veronese, A.C., Callegari, R., and Morelli, 
C.F. (1995) Tetrahedron, 51, 12277. 

Tietze, L.F., Eicher, T., Diederichsen, U., 
and Speicher, A. (2007) Reactions and 
Syntheses, Wiley-VCH Verlag GmbH, 
Weinheim, p. 293 ff. 

Synthesis of 2-pyridone-5-carboxylates 
from nitriles and propiolates by Blaise 
reaction: Chun, Y.S., Ryu, K.Y., Ko, Y.O., 
Hong, J.Y., Hong, J., Shin, H., and Lee, 
S.G. (2009) J. Org. Chem., 74, 7556. 
Spitzner, D. (2004) Sci. Synth., 15.2.2, 
335. 

Barluenga, J., Carlon, R.P., Gonzales, F.J., 
and Fustero, S. (1990) Synlett, 3793. 
Barluenga, J., Joglar, J., Gonzalez, F.J., and 
Fustero, S. (1990) Synlett, 129. 

Bressel, U., Katritzky, A.R., and Lea, J.R. 
(1971) J. Chem. Soc. (B), 4. 

Takamura, M., Funabashi, K., Kanai, M., 
and Shibasaki, M. (2000) J. Am. Chem. 
Soc., 122, 6327. 

Compare the analogous AuC]l3-catalyzed 
process: Yadav, J.S., Reddy, B.V.S., Yadav, 
N.N., Gupta, M.K., and Sidhar, B. (2008) J. 
Org. Chem., 73, 6857. 

(a) Godard, A., Jaquelin, J.-M., and 
Queguiner, G. (1988) J. Organomet. Chem., 
354, 273; (b) Jaquelin, J.M., Robin, Y., 
Godard, A., and Queguiner, G. (1988) 
Can. J. Chem., 66, 1135; (c) Marsais, F., 
Godard, A., and Queguiner, G. (1989) J. 
Heterocycl. Chem., 26, 1589. 

Boudet, N., Lachs, J.R., and Knochel, P. 
(2007) Org. Lett., 9, 5525. 

Levine, R., Dimmig, D.A., and Kadunce, 
W.M. (1974) J. Org. Chem., 39, 3834. 


521 


522 


162. 


163. 


164. 


165. 


166. 


167. 


168. 


169. 


170. 


171. 


172. 


173. 


6 Six-Membered Heterocycles 


Godard, A., Duballet, P., Queguiner, G., 
and Pastour, B. (1976) Bull. Soc. Chim. Fr., 
789. 

Analogously, 2-substituted quinolines 
undergo asymmetric Ir-catalyzed hydro- 
genation: Wang, D.-W., Wang, D.-S., 
Chen, Q.-A., and Zhou, Y.-G. (2010) Chem. 
Eur. J., 16, 1133. 

Dubois, M.G. and Gauffre, J.C. (1995) Syn- 
lett, 603. 

Gauffre, J.C. and Dubois, M.G. (1995) J. 
Chem. Res. (S), 242. 

Larsen, R.D. and Cai, D. (2004) Sci. Synth., 
15.3, 389. 

Gassman, P.G. and Parton, R.L. (1977) J. 
Chem. Soc., Chem. Commun., 694. 

(a) Cacchi, S., Fabrizi, G., and Marinelli, 
F. (1999) Synlett, 401; (b) Arcadi, A., 
Aschi, M., Marinelli, F., and Verdecchia, 
M. (2008) Tetrahedron, 64, 5354. 

Abbiati, G., Arcadi, A., Marinelli, F., Rossi, 
E., and Verdecchia, M. (2006) Synlett, 
3218. 

Arcadi, A., Bianchi, G., Inesi, A., 
Marinelli, F., and Rossi, L. (2007) Synlett, 
1031. 

Arcadi, A., Marinelli, F., and Rossi, E. 
(1999) Tetrahedron, 55, 13233. 

(a) Suzuki, M., Tanikawa, K., and Sakoda, 
R. (1999) Heterocycles, 50, 479; (b) Sabitha, 
G., Babu, R.S., Reddy, B.V.S., and Yadav, 
J.S. (1999) Synth. Commun., 29, 4403; 

(c) Shiri, M., Zolfigol, M.A., Kruger, 

H.G., and Tanbakouchian, Z. (2011) Adv. 
Heterocycl. Chem., 102, 139. 

(a) MgCl, x6 HzO / TosOH: Pasha, M.A., 
Jayashankara, V.P., and Mahammed, 

K.A. (2008) Indian J. Chem., Sect. B: Org. 
Chem. Incl. Med. Chem., 47, 1160; (b) 
NiCl,x6 H2O : Dabiri, M., Baghbanzadeh, 
M., and Arzroomehilar, E. (2008) Hete- 
rocycles, 75, 397; (c) Nd(NO3)3x6 H2O: 
Varala, R., Enugala, R., and Adapa, S.R. 
(2006) Synthesis, 3825; (d) CeCl;x7 H20: 
Bose, D.S. and Kumar, R.K. (2006) Tetra- 
hedron Lett., 47, 813; (e) Cyanuric chlo- 
ride: Das, B., Damodar, K., Chowdhury, 
N., and Suneel, K. (2007) Chem. Lett., 36, 
796; (f) KHSO4/H20/EtOH: Selvam, 
N.P., Saravanan, C., Muralidharan, D., 
and Perumal, P.T. (2006) J. Heterocycl. 
Chem., 43, 1379; (g) GdCl;: Reddy, P.P., 
Raju, B.C., and Rao, J.M. (2008) J. Chem. 
Res., 679; (h) CAN: Bose, D.S., Idrees, M., 


174, 


175. 


176. 


177. 


178. 


179. 


180. 


181. 


182. 


183. 


184. 


185. 


186. 


187. 


188. 


189. 


Jakha, N., and Rao, J.V. (2010) J. Comb. 
Chem., 12, 100. 

(a) Vander Mierde, H., van der Voort, 

P., De Voos, D., and Verpoort, F. (2008) 
Eur. J. Org. Chem., 1625; (b) for compar- 
ison see: Lekhok, K.C., Prajapati, D., and 
Boruah, R.C. (2008) Synlett, 655. 

Cf. Tietze, L.F. and Eicher, T. (1991) 
Reaktionen und Synthesen, Georg Thieme 
Verlag, Stuttgart, p. 359 ff} Tietze, L.F. 
and Eicher, T. (1989) Reactions and Synthe- 
ses, University Science Books, Mill Valley, 
p. 327 ff. 

(a) Cho, C.S., Kim, T., Kim, T.J., and 
Chim, S.C. (2001) Chem. Commun., 2576; 
see also Ref. [174a] (b) Pd-catalyzed ver- 
sion: Cho, C.S. and Ren, W.X. (2007) J. 
Organomet. Chem., 692, 4182. 

Fan, J., Wan, C., Sun, G., and Wang, Z. 
(2008) J. Org. Chem., 73, 8608. 

Sanna, P., Carta, A., and Paglietti, G. 
(1999) Heterocycles, 51, 479. 

Wu, Y.-C., Liu, L., Li, H.-J., Wang, D., and 
Chen, Y.-J. (2006) J. Org. Chem., 71, 6592. 
Horn, J., Marsden, S.P., Nelson, A., 
House, D., and Weingarten, G.G. (2008) 
Org. Lett., 10, 4117. 

Meth-Cohn, O., Rhouati, S., and 
Tarnowski, B. (1979) Tetrahedron Lett., 

20, 4885. 

Park, K.K. and Jung, J.Y. (2005) Heterocy- 
cles, 65, 2095. 

Tadd, A., Matsuno, A., Fielding, M.R., and 
Willis, M.C. (2009) Org. Lett., 11, 583. 
Bernini, R., Cacchi, S., Fabrizi, G., and 
Sferrazza, A. (2006) Heterocycles, 69, 99. 
Huang, J., Chen, Y., King, A.O., 
Dilmeghani, M., Larsen, R.D., and Faul, 
M.M. (2008) Org. Lett., 10, 2609. 

Lee, J.I. and Youn, J.S. (2008) Bull. Korean 
Chem. Soc., 29, 1853. 

Bernini, R., Cacchi, S., Fabrizi, G., and 
Sferazza, A. (2009) Synthesis, 1209. 

(a) Kuninobu, Y., Inoue, Y., and Takai, K. 
(2007) Chem. Lett., 36, 1422; (b) Huang, 
H., Jiang, H., Chen, K., and Liu, H. (2009) 
J. Org. Chem., 74, 5476; (c) compare: Hill, 
M.D. and Movassaghi, M. (2007) Synthesis, 
T1115, 

(a) Xiao, F., Chen, Y., Liu, Y., and Wang, 
J. (2008) Tetrahedron, 64, 2755; (b) for 
comparison, see: Stone, M.T. (2011) Org. 
Lett., 13, 2326. 


190. 


191. 


192. 


193. 


194. 


195. 


196. 


197. 


198. 


199. 


200. 


201. 


202. 


203. 


204. 


Makioka, Y., Shindo, T., Taniguchi, Y., 
Takaki, K., and Fujiwara, Y. (1995) Synthe- 
sis, 801. 

(a) Quiang, L.G. and Baine, M.M. (1988) 
J. Org. Chem., 53, 4218; (b) Hibino, S. and 
Sugino, E. (1987) Heterocycles, 26, 1883. 
Tiano, M. and Belmont, P. (2008) J. Org. 
Chem., 73, 4101. 

(a) Michael, J.P. (1991) Nat. Prod. Rep., 8, 
53; (b) Grundon, M.F. (1990) Nat. Prod. 
Rep., 7, 131; (c) Grundon, M.F. (1988) 
Nat. Prod. Rep., 5, 293. 

Laysen, D.C., Zhang, M.W., Haemers, A., 
and Bollaert, W. (1991) Pharmazie, 46, 485 
and 557. 

Martin, P., Steiner, E., Auer, K., and 
Winkler, T. (1993) Helv. Chim. Acta., 76, 
1667. 

(a) Popp, F.D. and Wefer, J.M. (1967) J. 
Heterocycl. Chem., 4, 167; (b) Hahn, J.-T., 
Kant, J., Popp, F.D., Chabra, S.R., and Uff, 
B.C. (1992) J. Heterocycl. Chem., 29, 1165; 
(c) Reimann, E. and Benend, H. (1992) 
Monatsh. Chem., 123, 939. 

Schmidt, A., Michalik, D., Rotzoll, S., 
Ullah, E., Fischer, C., Reinke, H., Gérls, 
H., and Langer, P. (2008) Org. Biomol. 
Chem., 6, 2804. 

Enantioselective version: Taylor, M.S., 
Tokunaga, N., and Jacobsen, E.N. (2005) 
Angew. Chem. Int. Ed., 41, 6700. 

(a) Schmidt, A., Guetlein, J.-P., Preuss, 
A., Albrecht, U., Reinke, H., and Langer, 
P. (2005) Synlett, 2489; (b) Albrecht, U., 
Preuss, A., Schmidt, A., Fischer, C., and 
Langer, P. (2010) Heterocycles, 80, 289. 
Yadav, J.S., Subba Reddy, B.V., Gupta, 
M.K., Prabhakar, A., and Jagadeesh, B. 
(2004) Chem. Commun. (Cambridge), 
2124. 

Stevens, R.V. and Canary, J.W. (1990) J. 
Org. Chem., 55, 2237. 

(a) Coffey, D.S., Colis, S.P., and May, S.A. 
(2002) in Progress in Heterocyclic Chemistry, 
vol. 14, Chapter 6.1 (eds G.W. Gribble and 
T.L. Gilchrist), Pergamon, Amsterdam; 

(b) Alvarez, M. and Joule, J.A. (2004) Sci. 
Synth., 15.5, 661. 

Cyclodehydration with Tf,O/2- 
chloropyridine: Movassaghi, M. and Hill, 
M.D. (2008) Org. Lett., 10, 3485. 

Fitton, A.O., Frost, J.R., Zakaria, M.M., 
and Andrew, G. (1973) J. Chem. Soc., 
Chem. Commun., 889. 


205. 


206. 


207. 


208. 


209. 


210. 


211. 


212. 


213. 


214. 


215. 


216. 


217. 


218. 


219. 


220. 
221. 


222. 
223. 


224. 


References 


Schépf, C. and Salzer, W. (1941) Liebigs 
Ann. Chem., 544, 1. 

Review on asymmetric PIcreT-SPENGLER 
reaction: Lorenz, M., van Linn, M.L., and 
Cook, J.M. (2010) Curr. Org. Synth., 7, 
189. 

Wang, B., Lu, B., Jiang, Y., Zhang, Y., and 
Ma, D. (2008) Org. Lett., 10, 2761. 

(a) Roesch, K.R. and Larock, R.C. (1998) 
J. Org. Chem., 63, 5306; (b) compare: 
Roesch, K.R. and Larock, R.C. (2002) 

J. Org. Chem., 67, 86; (c) Pal, M. et al. 
(2007) Chem. Commun (Cambridge), 1966; 
(d) Guimond, N. and Fagnou, K. (2009) 

J. Am. Chem. Soc., 131, 12050. 

(a) Cf. Tietze, L.F., Eicher, T., 
Diederichsen, U., and Speicher, A. (2007) 
Reactions and Syntheses, Wiley-VCH Verlag 
GmbH, Weinheim, p. 347 ff (b) review 
on naphthyridines: Litvinov, V.P. (2006) 
Adv. Heterocycl. Chem., 91, 189. 

Gao, H. and Zhang, J. (2009) Adv. Synth. 
Catal., 351, 85. 

Gilmore, C.D., Allan, K.M., and Stoltz, 
B.M. (2008) J. Am. Chem. Soc., 130, 1558. 
Yang, Y.-Y., Shou, W.-G., Chen, Z.-B., 
Hong, D., and Wang, Y.-G. (2008) J. Org. 
Chem., 73, 3928. 

Hickey, D.M.B., McKenzie, A.B., Moody, 
CJ., and Rees, C.W. (1987) J. Chem. Soc., 
Perkin Trans. 1, 921. 

Hesse, M. (2000) Alkaloide, Wiley-VCH 
Verlag GmbH, Weinheim. 

Caneque, T., Cuadro, A.M., Alvarez-Builla, 
J., and Vaquero, J.J. (2009) Tetrahedron 
Lett., 50, 1419. 

Ihmels, H. (2004) Sci. Synth., 15.7, 907. 
Nunez, A., Abarca, B., Cuadro, A.M., 
Alvarez-Builla, J., and Vaquero, J.J. (2009) 
J. Org. Chem., 74, 4166. 

Natarajan, S.R. (2006) Tetrahedron Lett., 47, 
5063. 

Zee-Chang, K.J. and Cheney, C.C. (1972) J. 
Pharm. Sci., 61, 969. 

Cf. Ref. [80b]. 

Prager, R.H. and Williams, C.M. (2004) 
Sci. Synth., 15.9, 987. 

Keller, P.A. (2004) Sci. Synth., 15.11, 1065. 
Falbe, J. and Regitz, M. (Eds.) (1990) 
Rémpp Chemie Lexikon, 9th edn, Vol. 3, 
Georg Thieme Verlag Stuttgart, p. 2553, 
and literature cited therein. 

(a) Mitchinson, A. and Nadin, A. (1999) 

J. Chem. Soc., Perkin Trans. 1, 2553; (b) 


523 


524 


6 Six-Membered Heterocycles 


225. 


226. 


227. 


228. 


229. 


230. 
231. 


232. 


233. 


234. 


235. 


236. 


237. 
238. 


239. 


240. 


241. 


Asymmetric piperidine synthesis: Laschat, 
S. and Dickner, T. (2000) Synthesis, 1781; 
(c) Wang, Y., Yu, D.-F., Liu, Y.-Z., Wei, 
H., Luo, Y.-C., Dixon, D.J., and Xu, P.F. 
(2010) Chem. Eur. J., 16, 3922; (d) Whang, 
Y., Zhu, S., and Ma, D. (2011) Org. Lett., 
13, 1602. 

Diaz, J.L., Fernandez-Forner, D., Bach, J., 
and Lavilla, R. (2008) Synth. Commun., 38, 
2799. 

Walters, M.A. (2003) in Progess in Hetero- 
cyclic Chemistry, vol. 15 (eds G.W. Gribble 
and J.A. Joule), Pergamon, Oxford, p. 8 ff. 
4-Piperidones from B-ketoesters by a dou- 
ble Mannicu approach: Chen, Y., Balle, 
J., Sparrow, J.K., Boyd, P.D.W., Brimble, 
M.A., and Barker, D. (2010) Tetrahedron, 
66, 7179. 

Fernandez-Garcia, C. and McCervey, M.A. 
(1995) Tetrahedron: Asymmetry, 6, 2905. 
(a) Cf. Tietze, L.F., Eicher, T., 
Diederichsen, U., and Speicher, A. (2007) 
Reactions and Syntheses, Wiley-VCH Verlag 
GmbH, Weinheim, p. 119 ff (b) Hesse, 
M. (2000) Alkaloide, Wiley-VCH Verlag 
GmbH, Weinheim, p. 31 ff. 

Bird, C.W. (1990) Tetrahedron, 38, 342. 
Markl, G. (1982) Houben-Weyl, vol. E 1, 
Georg Thieme Verlag, Stuttgart, p. 72 ff. 
Dimroth, K. and Kaletsch, H. (1981) 
Angew. Chem., Int. Ed. Engl., 20, 871. 

(a) Mathey, F. and Le Floch, P. (2004) Sci. 
Synth., 15.13, 1097; (b) Streubel, R. (2004) 
Sci. Synth., 15.14, 1157. 

(a) 1,4-Dioxins: Matsumoto, M. (2003) Sci. 
Synth., 16.2, 15; (b) 1,4-Dithiins: Sato, R. 
(2003) Sci. Synth., 16.4, 57. 

Lee, H.H. and Denny, W.A. (1990) J. 
Chem. Soc., Perkin Trans. 1, 1071. 

(a) Landers, J.P. and Bunce, N.J. (1991) 
Biochem. J., 276, 273; (b) Cicryt, P. (1993) 
Nachr. Chem. Tech. Lab, 41, 550. 

Ulrich, H. (2003) Sci. Synth., 17.1.2, 55. 
Meyers, A.I. (1974) Heterocycles in Or- 
ganic Synthesis, John Wiley & Sons, Inc., 
New York, p. 201. 

Coppola, G.M. (1999) J. Heterocycl. Chem., 
36, 563. 

Lindhorst, T.K. (2000) Essentials of Car- 
bohydrate Chemistry and Biochemistry, 
Wiley-VCH Verlag GmbH, Weinheim. 

Cf. Tietze, L.F., Eicher, T., Diederichsen, 
U., and Speicher, A. (2007) Reactions and 


242. 


243. 
244, 


245. 


246. 


247. 
248. 


249. 


250. 


251. 


252. 


253. 


254. 


Syntheses, Wiley-VCH Verlag GmbH, 
Weinheim, p. 126 ff. 

(a) Perlmutter, P., Puniani, E., and 
Westman, G. (1996) Tetrahedron. Lett., 

37, 1715; (b) Perlmutter, P. and Puniani, 
E. (1996) Tetrahedron Lett., 37, 3755; (c) 
overview on the Baytis-HILMAN reaction: 
Basavaiah, D., Reddy, B.S., and Badsara, 
S.S. (2010) Chem. Rev., 110, 5447. 

Chen, B.C. (1991) Heterocycles, 32, 970. 

(a) Pietzonka, T. and Seebach, D. (1991) 
Chem. Ber., 124, 1837; (b) Seebach, D., 
Miszlitz, U., and Uhlmann, P. (1991) 
Chem. Ber., 124, 1845; (c) Seebach, D., 
Lapierre, J.-M., Jaworek, W., and Seiler, 
P. (1993) Helv. Chim. Acta., 76, 459; (d) 
Kiselyov, A.S. and Strekowski, L. (1993) 
Tetrahedron, 49, 2151. 

(a) Ager, D.J. (1987) in Umpoled Synthons 
(ed. T.A. Hase), John Wiley & Sons, Inc., 
New York, p. 19 ff (b) Bulman Page, P.C., 
VanNiel, M.B., and Prodger, J.C. (1989) 
Tetrahedron, 45, 7643. 

Woodward, R.B. (1966) Angew. Chem., 78, 
BEv a 

Sammer, P.G. (1976) Chem. Rev., 76, 113. 
A radical mechanism was postulated as 

a result of kinetic studies and product 
distribution: Holm, T. (1990) Acta Scand. 
Chem. Ser. B., 44, 279. 

(a) Veeraraghavan, S., Bhattacharjee, D., 
and Popp, F.D. (1981) J. Heterocycl. Chem., 
18, 443; (b) Dostal, W. and Heinish, G. 
(1986) Heterocycles, 24, 793. 

Haider, N. and Holzer, W. (2003) Sci. 
Synth., 16.8, 125. 

Recent applications in pyridazine synthe- 
sis: Hamasaki, A., Ducray, R., and Boger, 
D.L. (2006) J. Org. Chem., 71, 185. 
Strekowski, L., Wydra, R.L., Janda, L., and 
Harden, D.B. (1991) J. Org. Chem., 56, 
5610. 

The method has been improved by in-situ 
trapping: Ple, N., Turek, A., Couture, K., 
and Queguiner, G. (1995) J. Org. Chem., 
60, 3781. 

(a) Queguiner, G., Marsais, F., Sniekus, 
V., and Epsztain, J. (1991) Adv. Het- 
erocycl. Chem., 52, 187; (b) Turck, A., 

Ple, N., Mongin, F., and Queguiner, G. 
(2001) Tetrahedron, 57, 4489; (c) cf. Tietze, 
L.F., Eicher, T., Diederichsen, U., and 
Speicher, A. (2007) Reactions and Syntheses, 


255. 


256. 


257. 


258. 


259. 


260. 


261. 


262. 


263. 


264. 


Wiley-VCH Verlag GmbH, Weinheim, p. 
262 ff. 

(a) Mosrin, M. and Knochel, P. (2008) 
Org. Lett., 10, 2497; (b) Further examples 
of regio- and chemoselective metala- 
tion/functionalization of halogenopyrim- 
idines: Mosrin, M. and Knochel, P. (2009) 
Chem. Eur. J., 15, 1468; (c) Dong, Z., 
Clososki, G.C., Wunderlich, S.H., Unsinn, 
A., Li, J., and Knochel, P. (2009) Chem. 
Eur. J., 15, 457. 

von Angerer, S. (2003) Sci. Synth., 16.12, 
379. 

Manning, A.M. et al. (2000) J. Med. Chem., 
43, 3995. 

Cf., Tietze, L.F., Eicher, T., Diederichsen, 
U., and Speicher, A. (2007) Reactions and 
Syntheses, Wiley-VCH Verlag GmbH, 
Weinheim, p. 351 ff. 

Rossi, E., Abbiati, G., and Pini, E. (1999) 
Synlett, 756. 

E.g. by CAN/NaHCO; in H2O/acetone: 
Shanmugan, P. and Perumal, P.T. (2006) 
Tetrahedron, 62, 9726. 

Reviews on the BIGINELLI reaction: (a) 
Kappe, C.O. (2005) Multicomp. React., 95; 
(b) Saini, A., Kumar, S., and Sandhu, J.S. 
(2007) J. Indian Chem. Soc., 84, 959. 
BIGINELLI Catalysis by acids: (a) 
HBF,4/SiO2: Kamble, V.T., Muley, D.B., 
Atkore, S.T., and Dekore, S.D. (2010) 
Chin. J. Chem., 28, 388; (b) Hydazine-type 
organocatalyst: Suzuki, I., Iwata, Y., and 
Takeda, K. (2008) Tetrahedron Lett., 49, 
3238; (c) Cellulose--OSO3H (biodegrad- 
able and recyclable solid acid): Reddy, 
P.N., Reddy, Y.T., Reddy, M.N., Rajitha, 
B., and Crooks, P.A. (2009) Synth. Com- 
mun., 39, 1257. 

BIGINELLI catalysis by reusable 
W-heteropolyacids: (a) Romanelli, G.P., 
Sathicq, A.G., Autino, J.C., Baronetti, G., 
and Thomas, H.J. (2007) Synth. Commun., 
37, 3907; (b) Kumar, D., Mishra, B.G., 
and Rao, V.S. (2006) Indian. J. Chem., Sect. 
B: Org. Chem. Incl. Med. Chem., 45, 2325. 
BIGINELLI catalysis by metal salts and 
oxides: CuCl,/aq. HCl (“Green Chem- 
istry”): (a) Pathak, V.N., Gupta, R., and 
Varshney, B. (2008) Indian J. Chem., Sect. 
B: Org. Chem. Incl. Med. Chem., 47, 434; 
(b) VOSO,4: Reddy, C.S., Raghu, M., and 
Nayaraj, A. (2009) Indian J. Chem., Sect. 
B: Org. Chem. Incl. Med. Chem., 48, 1178; 


265. 
266. 


267. 


268. 


269. 


270. 


271. 


272. 


273. 


274. 


275. 


276. 
277. 


References 


(c) CaF: Chita, S. and Pandiarajan, K. 
(2009) Tetrahedron Lett., 50, 2222; (d) ZnO 
(under solvent-free conditions): Bahrami, 
K., Kodaei, M.M., and Farrokki, A. (2009) 
Synth. Commun., 39, 1801. 

Lu, J., and Bai, Y. (2002) Synthesis, 466. 
(a) Shutalev, A.D. and Kurochkin, N.N. 
(2005) Mendeleev Commun., 70; (b) Wan, 
J.-P. and Liu, Y. (2010) Synthesis, 3943. 

(a) Gopalakrishnan, M., Sureshkumar, 

P., Thanusu, J., Kanagarajan, V., and 
Ezilarasi, M.R. (2008) Lett. Org. Chem., 

5, 142; (b) Sapkal, S.B., Shelke, K.F., 
Shingate, B., and Shingare, M.S. (2010) 
Bull. Korean Chem. Soc., 31, 351. 

Nilsson, B.L. and Overman, L.E. (2006) J. 
Org. Chem., 71, 7706. 

(a) Chen, X.-H., Xu, X.-Y., Liu, H., Chun, 
L.-F., and Gong, L.-Z. (2006) J. Am. Chem. 
Soc., 128, 14804; (b) Gong, L.-Z., Chen, 
X.-H., and Xu, X.-Y. (2007) Chem. Eur. J., 
13, 8920; (c) Wu, Y.-Y., Chai, Z., Liu, 
X.-Y., Zhao, G., and Wang, S.-W. (2009) 
Eur. J. Org. Chem., 904; (d) Li, N., Chen, 
X.-H., Song, J., Luo, S.-W., Fan, W., and 
Gong, L.-Z. (2009) J. Am. Chem. Soc., 131, 
15301. 

(a) Kiselyov, A.S. (2005) Tetrahedron Lett., 
46, 1663; (b) for comparison see: Lin, M., 
Chen, Q.-Z., Zhu, Y., Chen, X.-L., Cai, 
J.-J., Pan, Y.-M., and Zhan, Z.-P. (2011) 
Synlett, 1179. 

Brederek, H., Gompper, R., and Herlinger, 
H. (1958) Chem. Ber., 91, 2832. 

(a) Wamhoff, H., Dzenis, J., and Hirota, 
K. (1992) Adv. Heterocycl. Chem., 55, 129; 
(b) Bogarski, J.T., Mokrosz, J.L., Barton, 
H.J., and Paluchowski, M.H. (1985) Adv. 
Heterocycl. Chem., 38, 229. 

Volonterio, A. and Zanda, M. (2008) J. 
Org. Chem., 73, 7486. 

Kleemann, A. and Roth, H.J. (1983) 
Arzneistofigewinnung, Georg Thieme 
Verlag, Stuttgart, p. 172 ff. 

Cf. Kleemann, A. and Engel, J. (1999) 
Pharmaceutical Substances, 3rd edn, Georg 
Thieme Verlag, Stuttgart, p. 946. 

Fischer, G. (1990) Z. Chem., 30, 305. 

(a) Joule, J.-A. and Mills, K. (2010) Het- 
erocyclic Chemistry, 5th edn, Blackwell 
Science, Oxford, p. 516 ff; (b) For the 
basicity/acidity problem of purines, see: 
Kampf, G., Kapinos, L.E., Grisser, R., 


525 


526 


6 Six-Membered Heterocycles 


278. 


279. 


280. 


281. 


282. 


283. 


284. 


285. 


286. 


287. 


288. 


289. 


290. 


291. 


292. 


293. 


294. 


295. 


Lippert, B., and Sigel, H. (2000) J. Chem. 
Soc., Perkin Trans. 2, 1320. 

Fuji, T. and Itaya, T. (1998) Heterocycles, 
48, 359. 

Seela, F. and Ramazaeva, N. (2003) Sci. 
Synth., 16.17, 945. 

Bredereck, H., Gompper, R., Schuh, 
H.Gv., and Theilig, G. (1959) Angew. 
Chem., 71, 753. 

(a) Miller, S.L. (1953) Science, 117, 528; (b) 
Miller, S.L. (1955) J. Am. Chem. Soc., 77, 
2351. 

Taylor, E. and Cheng, C. (1960) J. Org. 
Chem., 25, 148. 

Zosel, K. (1978) Angew. Chem., Int. Ed. 
Engl., 17, 702. 

Shaw, G. (1984) in Comprehensive Het- 
erocyclic Chemistry, vol. 4.09 (eds A.R. 
Katritzky and C.W. Ress), Pergamon 
Press, Oxford, p. 577. 

Matoubara, S. (1980) Phytochemistry, 19, 
2239. 

Kleemann, A. and Engel, J. (1999) Pharma- 
ceutical Substances, 3rd edn, Georg Thieme 
Verlag, Stuttgart, pp. 58 ff. 

Cf. Elion, G.B. (1989) Angew. Chem., Int. 
Ed. Engl., 28, 870. 

Gaudilliere, B. and Berna, P. (2000) An- 
nual Reports in Medicinal Chemistry, vol. 
35, Academic Press, New York, p. 333. 
Lont, P.J., van der Plas, H.C., and 
Verbeek, A.J. (1972) Rec. Trav. Chim. 
Pays-Bas., 91, 949. 

Sato, N. (2003) Sci. Synth., 16.14, 751. 
Kano, S., Takahagi, Y., and Shibuya, S. 
(1978) Synthesis, 372. 

Btichi, G. and Galindo, J. (1991) J. Org. 
Chem., 56, 2605. 

(a) Jones, K., Keenan, M., and Hibbart, F. 
(1996) Synlett, 509; (b) Jones, K., Keenan, 
M., and Hibbart, F. (1997) J. Chem. Soc., 
Chem. Commun., 323. 

(a) Mulzer, J., Altenbach, H.-J., Braun, 
M., Krohn, K., and Reissig, H.-U. (1991) 
Organic Synthesis Highlights, Wiley-VCH 
Verlag GmbH, Weinheim, p. 300 ff; (b) 
Groth, U., Huhn, T., Porsch, B., Schmeck, 
C., and Schéllkopf, U. (1993) Liebigs Ann. 
Chem., 715. 

Pfleiderer, W. (1984) in Comprehensive 
Heterocyclic Chemistry, vol. 3 (eds A.R. 
Katritzky, C.W. Rees, A. Boulton, and A. 
McKillop), Pergamon, Oxford, p. 263 ff. 


296. 


297. 


298. 


299. 


300. 


301. 


302. 


303. 


304. 


305. 


306. 


Ishikawa, T. (2003) Sci. Synth., 16.21, 
1291. 

Cf. Kleemann, A. and Engel, J. (1999) 
Pharmaceutical Substances, 3rd edn, Georg 
Thieme Verlag, Stuttgart, p. 864. 
Cinnolines: (a) Haider, N. and Holzer, W. 
(2003) Sci. Synth., 16.9, 251; (b) Phtha- 
lazines: Haider, N. and Holzer, W. (2003) 
Sci. Synth., 16.10, 315; (c) Quinazolines: 
Kikelj, D. (2003) Sci. Spnth., 16.13, 573. 
Zolnikowa, N.A., Fedenok, L.G., and 
Polyakov, N.E. (2006) Org. Prep. Proced. 
Int., 38, 476. 

Dabiri, M., Salehi, P., and Bahramnejad, 
M. (2010) Synth. Commun., 40, 3214. 

(a) Portela-Cubillo, F., Scott, J.S., and 
Walton, J.C. (2008) Chem. Commun. (Cam- 
bridge), 2935; (b) Portela-Cubillo, F., Scott, 
J.S., and Walton, J.C. (2009) J. Org. Chem., 
74, 4934. 

(a) Movassaghi, M. and Hill, M.D. (2006) 
J.Am. Chem. Soc., 128, 14254; (b) Hill, 
M.D. and Movassaghi, M. (2008) Synthesis, 
823. 

Kotsuki, H., Sakai, H., Morimoto, H., and 
Suenaga, H. (1999) Synlett, 1993. 

(a) Wang, H.-S. and Zeng, J.-E. (2008) 
Chin. J. Chem., 26, 175; (b) For compar- 
ison, see: Bandgar, B.P., More, P.E., and 
Kamble, V.T. (2009) Chin. J. Chem., 27, 
1123. 

(a) Bakavoli, M., Sabzevari, O., and 
Rahmizadeh, M. (2007) Chin. Chem. Lett., 
18, 533; (b) Dabiri, M., Baghbanzadeh, 
M., and Delbari, A.S. (2008) J. Comb. 
Chem., 10, 700; (c) For comparison see: 
2,3-Dihydroquinazolin-4(1H)-ones from 
isatoic anhydride: Dabiri, M., Salehi, P., 
Bahramnejad, M., and Alizadeh, M. (2010) 
Monatsh. Chem., 141, 877; (d) Surpur, 
M.P., Singh, P.R., Patil, S.B., and Samant, 
S.D. (2007) Synth. Commun., 37, 1965; (e) 
Chen, J., Wu, D., He, F., Liu, M., Wu, 

H., Ding, J., and Su, W. (2008) Tetrahe- 
dron Lett., 49, 3814; (f) Rostamizadeh, S., 
Amani, A.M., Aryan, R., Ghaieni, H.R., 
and Shadjou, N. (2008) Synth. Commun., 
38, 3567. 

(a) Zhou, J., Fu, L., Lv, M., Liu, J., Pei, D., 
and Ding, K. (2008) Synthesis, 3974; (b) 
Guanidines react analogously: Huang, X., 
Yang, H., Fu, H., Qiao, R., and Zhao, Y. 
(2009) Synthesis, 2679. 


307. 


308. 


309. 


310. 


311. 


312. 


313. 


314. 


315. 


316. 


317. 


318. 


319. 


320. 


321. 


322. 


Liu, X., Fu, H., Jiang, Y., and Zhao, Y. 
(2009) Angew. Chem. Int. Ed., 48, 348. 

(a) Lygin, A.V. and de Meijere, A. (2009) 
Org. Lett., 11, 389; (b) For further appli- 
cations of (2-lithiophenyl)isocyanides in 
heterocyclizations see: Lygin, A.V. and de 
Meijere, A. (2009) J. Org. Chem., 74, 4554. 
Li, Z., Li, W., Sun, Y., Huang, H., and 
Ouyang, P. (2008) J. Heterocycl. Chem., 45, 
285. 

(a) MnCl): Heravi, M.M., Bakhtiari, K., 
Ooskoie, H.A., and Taheri, S. (2008) Het- 
eroatom Chem., 19, 218; (b) Keggin-type 
W-heteropolyacid: Huang, T.K., Shi, L., 
Wang, R., Guo, X.Z., and Lu, X.X. (2009) 
Chin. Chem. Lett., 20, 161; (c) NH4Br: 
Raju, B.C., Theja, N.D., and Kumar, J.A. 
(2009) Synth. Commun., 39, 175; (d) 
CuCl, /O2: Cho, C.S. and Ren, W.X. (2009) 
J. Organomet. Chem., 694, 3215. 

Shi, D.-Q., Dou, G.-L., Ni, S.-N., Shi, J.-W., 
and Li, X.-Y. (2008) Heterocycl. Chem., 45, 
1797. 

Meshram, H.M., Kumar, G.S., Ramesh, P., 
and Reddy, B.C. (2010) Tetrahedron Lett., 
51, 2580. 

Loriga, M., Nuvole, A., and Paglietti, G. 
(1989) J. Chem. Res. (S), 202. 

Scherrer, R.A. and Bratty, H.R. (1972) J. 
Org. Chem., 37, 1681. 

Takabatake, T., Miyazawa, T., Kojo, M., 
and Hasegawa, H. (2000) Heterocycles, 53, 
2151. 

Gloster, D.F., Cincotta, L., and Foley, J.W. 
(1999) J. Heterocycl. Chem., 36, 25. 
Adamson, J., Forster, D.L., Gilchrist, 

T.L., and Rees, C.W. (1969) J. Chem. Soc., 
Chem. Commun., 221. 

Miura, T., Yamauchi, M., and Murakami, 
M. (2008) Org. Lett., 10, 3085. 

Dopp, H. and Dopp, D. (2003) Sci. Synth., 
17.2.1, 233, 

Oshawa, A., Arai, H., and Igeta, H. (1981) 
J. Chem. Soc., Chem. Commun., 1174. 
Raw, S.A. and Taylor, R.J.K. (2010) Adv. 
Heterocycl. Chem., 100, 75. 

(a) Raw, S.A. and Taylor, R.J.K. (2004) 

J. Am. Chem. Soc., 126, 12260; (b) 
Bromley, W.J., Gibson, M., Lang, S., 

Raw, S.A., Whitwood, A.C., and Taylor, 
R.J.K. (2007) Tetrahedron, 63, 6004. 


323. 


324. 


325. 


326. 


327. 


328. 


329. 


333. 


334. 


335. 


336. 


337. 


338. 


339. 


References 


Neunhoffer, H. (1984) in Comprehensive 
Heterocyclic Chemistry, vol. 3 (eds A.R. 
Katritzky, C.W. Rees, and A.J. Boulton), 
Pergamon, p. 269 ff. 

Lindsley, C.W. and Layton, M.E. (2003) 
Sci. Synth., 17.2.2, 357. 

Neunhéffer, H. and Hennig, H. (1968) 
Chem. Ber., 101, 3952. 

(a) Grundmann, C. (1963) Angew. 

Chem., 75, 404; (b) Kreutzberger, A. 

and Tautaway, A. (1978) Chem.-Ztg., 102, 
106. 

von Angerer, S. (2003) Sci. Synth., 17.2.3, 
449. 

Forsberg, H.J., Spaciano, V.T., Klump, 
S.P., and Sanders, K.M. (1988) J. Hetero- 
cycl. Chem., 25, 767. 

Chen, C., Dagnino, R. Jr., and McCarthy, 
J.R. (1995) J. Org. Chem., 60, 8428. 


. Wessig, P. and Schwarz, J. (1995) 


Monatsh. Chem., 126, 99. 


. Maier, T. and Brederek, H. (1979) Synthe- 


sis, 690. 


. Cf. Tietze, L.F. and Eicher, T. (1991) 


Reaktionen und Synthesen, Georg Thieme 
Verlag, Stuttgart, p. 403 ff} (b) Tietze, 
L.F. and Eicher, T. (1989) Reactions and 
Syntheses, University Science Books, Mill 
Valley, p. 371 ff. 

Sauer, J., Heldmann, D.K., Hetzenegger, 
J., Krauthan, J., Sichert, H., and 
Schuster, J. (1998) Eur. J. Org. Chem., 
2885. 

(a) Warrener, R.N. (1971) J. Am. Chem. 
Soc., 93, 2346; (b) Priestley, G.M. and 
Warrener, R.N. (1972) Tetrahedron Lett., 
13, 4295. 

Bohle, M. (2003) Sci. Synth., 17.3.1, 

585. 

(a) Kuhn, R. and Trischmann, H. (1964) 
Monatsh. Chem., 95, 457; (b) Katritzky, 
A.R. and Beyakov, S.A. (1997) Synthesis, 
17. 

Neugebauer, F.A., Fischer, H., and Siegel, 
R. (1988) Chem. Ber., 144, 1040. 

Yang, A., Kasahara, T., Chen, E.K., 
Hamer, G.K., and Georges, M.K. (2008) 
Eur. J. Org. Chem., 4571. 

Brunner, U. and Gensthaler, B.M. (1999) 
Pharm. Ztg., 144, 1040. 


527 


7 
Seven-Membered Heterocycles 


Oxepin (1), thiepin (2), and azepine (3) are the parent compounds of the seven-membered 
heterocycles with one heteroatom. Of the seven-membered ring heterocycles with several 
heteroatoms, 1,2- and 1,4-diazepines 4 and 5 and some of their derivatives will be 


discussed. 
= 1:X=0 _ = 
( Jax-s (2 CD 
X 3:X=NH N° N 
H H 
4 5 
7.1 
Oxepin 


Monocyclic oxepins exist in equilibrium with bicyclic isomeric benzene oxides, for 
example, the parent system 1 with benzene oxide (6) [1]: 


—=" 
i/| oOo Cy» 


For this reason, the bond parameters for oxepin and other monocyclic derivatives 
have not been determined. The spectroscopic data show that oxepins have a polyolefinic 
structure with localized C=C bonds. Oxepins exist in a nonplanar boat conformation that 
equilibrates with inversion as in 1a and 1b [2]. This process is slowed down for oxepins 
with annulated benzene rings; for example, 13-methyltribenzoxepin-11-carboxylic acid 
(7) can be separated into its enantiomers, which racemize with an energy barrier 
AG; = 86.9 kJ mol! [3]. 
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CH ¢ \ 
Oo ope 
G~/4 \ Ny cI oO. 
HOOC r 


a b 


Oxepin (1) and benzene oxide (4) can be distinguished at low temperature (—130 °C) 
by NMR spectroscopy and by their UV absorptions: 


UV: » (nm) 1H NMR: 8 (ppm) 13¢ NMR: 8 (ppm) 
Oxepin 305 H-2/H-3: 5.7 C-2: 141.8 C-3: 117.6 
H-4: 6.3 C-4: 130.3 
Benzene oxide 271 H-2:4.0 C-2: 56.6 C-3: 128.7 
H-3/H-4: 6.3 C-4: 130.8 


The spontaneous oxepin-benzene oxide isomerization proceeds as a thermally al- 
lowed disrotatory process according to the WoopwaRD-HoFFMANN rules. Because of 
eclipsing interactions, 2,7-substituents destabilize the benzene oxide structure and favor 
oxepin formation. If the 2,7-positions are bridged, the size of the bridge influences the 
oxepin—benzene oxide equilibrium. This is shown by studies of the 2,7-methylene-bridged 
systems 8 and 9: If n = 3, only the indane oxide is present; if n = 4, tetrahydronaphtha- 
lene oxide predominates in the equilibrium mixture; if n = 5, oxepin and benzene oxide 
are present in a ratio of 1: 1 [4]. 


— O (CHy), 9 


The possibility of valence isomerization also affects the reactions of oxepins [5]. 
For instance, cycloadditions involve the benzene oxide, as shown by the Drzts-ALDER 
reaction with activated alkynes giving rise to the epoxybicyclo[2.2.2]octatriene 10 or, on 
(4 + 2)-cycloaddition of singlet oxygen, to the peroxide 11. The latter isomerizes thermally 
yielding the trans-benzene trioxide 12: 


, a ROOC 


= me ROOC 
| 10 
= / 


7.1 Oxepin | 531 


The acid-catalyzed conversion into phenols is achieved in the same way. Deuterium 
and tritium labeling experiments have established that this rearrangement involves 
a 1,2-hydride shift from carbon to oxygen (the so-called NIH shift— important in the 
enzyme-catalyzed hydroxylation of arenes in vivo [6] — is named after the National Institute 
of Health, Bethesda, USA, where it was discovered): 


H H x 
Ch OB OG 
= ’ OH 
xX Ht 3°. 
jes * 
H ee 4 H 
Su ~X x 
PA RES OH = 
x QOH 


The synthesis of monocyclic oxepins [7] can start from 3,4-dibromo-7-oxabicyclo- 
[4.1.0]heptanes 14, which are readily accessible from cyclohexa-1,4-dienes by monoe- 
poxidation providing 13, followed by bromine addition to the remaining double bond; 
twofold dehydrobromination of 14 with methoxide or 1,8-diazabicyclo[5.4.0]undec-7-ene 

(DBU) yields the equilibrium mixture benzene oxide/oxepin: 


Bi ee 
-2 ~2HBr 
The flexibility of this method is illustrated by the synthesis of oxygen-bridged 


(R=H, mn 
[10Jannulene 17, which is obtained by dehydrobromination of the tetrabromodecahy- 
dronaphthalene epoxide 15 together with benzo[b]oxepin 18 via 9,10-epoxynaphthalene 
16 [8]: 


Benzo[b]Joxepine carboxylates 21 (structurally related to 18) have been synthesized from 
chromones 19 by sequential cyclopropanation/ring-enlargement reaction with diazoac- 
etate in the presence of Tms-OTf/Cu(OTf)2 (Tms = trimethylsilyl) [9], for example: 


N,=CH-COOEt 


TmsOTf 
Ee 2. TFA 
—_ COOEt —— > > 7 COOEt 
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Presumably, as primary product a 4-OTf-benzopyryliumion is formed from 19, which 
undergoes (1 + 2)-cycloaddition (— 20) of ethoxycarbene (generated from diazoacetate); 
treatment of 20 with TFA gives rise to the ring-enlarged enolized f-ketoester (21). 

Oxepan-2-one (22, hexano-6-lactone) is the precursor for the industrial production 
of the polyester poly-e-caprolactone. It is obtained by BAYER-VILLIGER oxidation of 
cyclohexanone with peroxy acids: 


O 
O RCO,H 
CY -RCO,H P 22 
Amongst natural products, the oxepin structure occurs only in senoxepin (23), a 
norsesquiterpene lactone of the groundsel Senecio platiphylla; its structure has been 
established by synthesis [10]. 
Hydrogenated oxepins and oxepanones are often found in natural products, for 


example, in the alkaloids strychnine (24, R=H) and brucine (24, R=OCHs), and in the 
brassinosteroids, for example, the growth regulator brassinolid (25): 


OH CH, 
H3C.,, 


7.2 
Thiepin 


The parent compound has not yet been synthesized [11]. However, substituted thiepins are 
stable and accessible by various routes. For instance, 3-amino-substituted thiophenes and 
activated alkynes undergo a (2 + 2)-cycloaddition followed by electrocyclic cyclobutene 
ring-opening (cf. p. 95) to give the thiepin 1: 


N COOR i, COOR 
/ \ + | — = 1 
oO | ‘Onc 


2 COOR S 
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The stable thiepin 5 is obtained from interaction of the thiinium salt 2 and lithiodia- 
zoacetic ester via C-4 addition to 3 and ring enlargement of the corresponding carbene 
intermediate 4 [12]: 


COOEt COOEt 


H3 HC H,C COOEt 
me H3C No 
__CooEt l 
= "Sime - N 


Thiepins are converted by valence isomerism into thiirans (6), which on desulfurization 
(cf. p. 27) and ring contraction yield arenes, for example: 


— 
O=-O-.O 


Dibenzojb,f}thiepin (8) is obtained by POC1;-promoted intramolecular FRIEDEL-CRAFTS 
acylation of [2-(phenylsulfanyl)phenyljacetic acid (7) with concomitant chlorination (7 > 
8): 


mY 


I 
COOH POCI,, ZnCl, . 
(PANO) 
Ss ———— 
é ae -H,0 qe . - HCl Ch . r) 


7 


10,11-Dihydrodibenzo|b,f|thiepins of type 9 are used as pharmaceuticals because of their 
marked CNS-stimulating, antidepressive, and anti-inflammatory effects. 


7.3 
Azepine 


ae 
Ly, of 


N 
H 


The azepine system occurs in four tautomeric forms, the 1H-, 2H-,3H-, and 4H-azepines 
(1-4) [13]. Most important are the 1H- and 3 H-systems. 
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4 H 

| NH N | NH N 
= Ne, = Ne, 
1 2 3 4 


Very few 1H-azepines are known. The parent compound 1H-azepine (1) is an un- 
stable red oil even at —78°C, and rearranges to the more stable 3H-azepine (3) 
in the presence of acid or base. Electron-attracting N-substituents increase the sta- 
bility of the 1H-azepines. In 1-(p-bromophenylsulfonyl)-1H-azepine (Figure 7.1) the 
seven-membered ring is boat-shaped with alternating C,,2—C,,2 single and double 
bonds. 

The protons of the 1H-azepine system appear in the vinyl region of the 'H NMR 
spectrum. The parent compound has § = 5.22(H-2/H-7), 4.69 (H-3/H-6), and 5.57 
(H-4/H-5) (CCl). Hence, 1H-azepines are not 8n-antiaromatic planar molecules, either 
as solids or in solution, but are atropic nonplanar cyclopolyenes. 

3H-Azepines with substituents in the 2-position are conformationally mobile and 
display ring inversion between two boat structures (5a and 5b). The inversion barrier 
has been determined by temperature-dependent NMR spectroscopy and was found to be 
AG* = 42.7 kJ mol | for 2-anilino-3 H-azepine [14]. 


H R! _ 
N= 
gy a = ae 5 (R! = H, R? = NHPh) 
R2 H R! 


Azepines display the chemical behavior of polyenes as shown by pericyclic reactions 
such as cycloadditions and dimerizations, and also by cheletropic and sigmatropic 
rearrangements. 

The rearrangement of 1H-azepines into 3H-azepines (see above) corresponds to a 
1,5-sigmatropic hydrogen shift. If the 3H-azepine is part of a strained system, for 
example, in 6, rearrangement giving a 1 H-azepine is also possible [15]: 


| 
SO.—(p-bromopheny!l) 


Figure 7.1. Bond parameters of the 1H-azepine system in 1-(p-bromophenylsulfonyl)-1 H-azepine 
(bond lengths in picometers, bond angles in degrees). 
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H 
N 
> 
1H-azepine ~\\_ ~ ALOs | 1H-azepine 
(syn) ! y (anti) 
H H 
A H - 
3 v: 
teeta gs i ON ees 
6: 3H-azepine 


The (4n + 2)1-electrocyclization of 1H-azepines is analogous to the oxepin—benzene 
oxide rearrangement. It yields 7-azabicyclo[4.1.0]hepta-2,4-dienes (dihydrobenzazirines) 
and occurs with electron-accepting N-substituents [16]. An example is the conversion of 7 
into 8 at —70 °C ina ratio of 9: 1. A trimethylene chain bridging the 2,7-positions favors 
the formation of dihydrobenzazirine (9), but a tetramethylene bridge that of azepine (10): 


Cl Cl 
H3COOC_ /”== H3COOC 
| N-Tos 7 — 8 N-Tos 
H3COOC = H,COOC 
Cl Cl 
,COOCH3 COOCH; 


N 


N 
—a NS 
»CI> CLD 


1H-Azepines with electron-accepting N-substitutents (e.g., 11) are converted photo- 
chemically into 2-azabicyclo[3.2.0]hepta-3,6-dienes (e.g., 12). The bicyclic compounds un- 
dergo thermal ring-opening of the cyclobutene ring; reversal of the 4n-1-electrocyclization 
leads back to the 1H-azepines: 


=> hy 
(coer ——— ILS 
as A N 


14 12. COOCH, 


In the synthesis of azepines [17], the seven-membered heterocyclic ring is produced (i) 
by ring enlargement of six-membered ring systems and (ii) by ring closure of suitable 
acyclic precursors. 


(1) 1H-Azepines with electron-accepting N-substituents 14 are obtained by a pho- 
toinduced reaction between arenes and azides with electron-withdrawing substituents 
leading to N2 elimination (HAFNER, Lwowskt, 1963): 
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13 14 
fii: la 1) Bry 
2) NaOCH, 
| 
ms Den — EL 
N-A 
(A = COOR, SO,Ar, etc.) 15 ig H 


Primary step is the photolysis of the azide giving a nitrene which forms a dihydroben- 
zazirine 13 by (1 + 2)-cycloaddition to the arene; valence tautomerization of 13 isomerizes 
to the 1H-azepine 14. 


An alternative synthesis of 1H-azepines (14) is based on bicyclic aziridines (15), which 
are transformed into 14 by addition of bromine to the double bond, twofold dehydro- 
bromination, and valence tautomerization of the resulting 13. The bicyclic aziridines 15 
are available from cyclohexa-1,4-dienes via 1-alkoxycarbonylamino-2-iodocyclohexenes 16 
and their Syi-cyclization [18]. 


(2) 2-Amino-3H-azepines (17) are formed by thermolysis of arylazides in secondary 


amines [19]: 
N3 A, + HNR, 
R- a - os 
A 
‘ : +HNR, 
N oN 
me 
— 
H 
18 19 20 
' pl! reagent pos | 
‘ HNR, y 
NRo 
NO, NR = 
ET n-ne 2102" pp R-[-L NH 
H = ca 


N>-elimination from the arylazide leads to an arylnitrene 18 which undergoes insertion 
into the ortho-CH-bond, thus affording the 2H-benzazirine 19. From the benzazirine 
19, the azepine system can be formed on two routes. In the first, valence isomerization 
of 19 leads to the highly strained azacycloheptatetraene 20, which is converted into 17 
by amine addition to the heterocumulene system. In the second, the amine adds directly 
to 19 giving rise to the dihydrobenzazirines 21, which yields the 1H-azepine 22 by 
electrocyclic ring-opening; subsequent 1H-/3H-azepine rearrangement affords product 


7.3 Azepine 


17. The highly strained 1-azatetraene 20 has been shown to be an intermediate in the 
photolysis of phenylazide at 8 K and to be in equilibrium with 1 H-benzazirine in the case 
of naphthylazide [20]. 

2-Amino-3 H-azepines are also obtained by deoxygenation of nitro- or nitrosoarenes 
with trivalent phosphorus compounds such as P(OR)3, CH3P(OR)2 or (CgHs)2P(OR) in 
the presence of secondary amines. Again arylnitrenes 18 are intermediates [21]. 


(3) Dihydroazepines are obtained by lithium-induced cyclization of azatrienes followed 
by N-acylation [22], for example, the 4,5-dihydroazepine 25 from 23, presumably via the 
corresponding anion 24: 


R 
1) Li 
2) CICOOR' 
RZN2NSAS cH, \ N 25 
23 CooR' 
A 
_—Ht R ‘uae ' 1) ring closure 
vu j ' 2) acylation, - CI” 
ene Ss stele adel 
=N 


(4) Tetrahydroazepines of numerous structure types and with regiodirected C=C-bond 
position are efficiently prepared by Ru-catalyzed ring-closing metathesis (RCM) of 
a,w-diene systems, as illustrated by the diene 26, its cyclization to the tetrahydroazepine 
27, and subsequent hydrogenation to the azepane 28 [23]: 


/ Grubbs H 
\L catalyst @ cua Pd-C a aia 
a HE _ Pac 
N COOEt - | N N 
Boc 26 Boc 27 Boc 28 


4) LNT 

pape ‘ 1) A ~cooet i 
Law! 2) Boc,O 

2) yo cOoEt 2) Bots Te 


L 
Boc 
The diene precursor 26 is readily prepared from allylamine by carbalkoxyethylation 


with acrylate, N-Boc protection, and Li(Ims) -induced a-alkylation with allyliodide. 


(5) Benzazepine derivatives have been prepared by routes related to those in (3) and 


(4). 
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(a) Alkinyl-N-benzylimines 29, metalated in benzyl position by lithiumdiisopropylamide 
(LDA), undergo transmetalation with CuSPh and subsequently cyclization to the ben- 
zannelated azepines 30 [24]: 


Y =N 


1) LDA,-78°C 


SmN 
N" “Ph 2) CuSPh Ph 
> — 
S a Oe 
29 R 30 
LDA : 3 A 
i) SPh| Li HzO 
Li y MRC) 
° ye is 
SN NS =N 
NU Ph cusPh N7*PA 7 ae 
S S - 
R R PhS-Cu 
31 32 33 


The product of metalation of 29, the azaallyl-Li compound 31, is converted by CuSPh 
to a mixed cuprate (32) of the type RCu(SPh)Li, which cyclizes by intramolecular 
nucleophilic addition to the triple bond to give the vinylcuprate 33, whose hydrolysis 
affords the benzazepine 30. 

(b) 2-N-Diallylarenes 35 can be cyclized to 1-benzazepine derivatives 36 by RCM [25, 26]: 


nd i N 


I 
NH 
S S 
: cL CsF, eo, 0S - ro } 
FA Br A - 
I 2) awa 


[D] 


34 KOH, [Bu,N]| 36 
2 1) BF, - OEt, 
N 2) TosCl, Et,N 
F a 
R- 37 
Z 


The 2,N-diallylarenes 35 are obtained (i) from 2-iodo-N-alkyl- (or acyl-) anilines 
34 by Suzuxi-Mryaura cross-coupling and subsequent N-allylation and (ii) from 
N-diallylanilines 37 by sequential Lewis-acid induced aza-CLaIsEN rearrangement and 
N-tosylation [27]. 


Azepan-2-one (38, e-caprolactam) is the most important azepine derivative. It is industri- 
ally used in the production of perlon and is synthesized by BECKMANN rearrangement of 
cyclohexanone oxime. 


7.3 Azepine 


Structurally related to caprolactam is the CNS stimulant pentetrazole (39, 
1,5-pentamethylenetetrazole, cf. p. 279). 


O N 
38 N39 


Dibenzoazepines and their dihydro derivatives (40/42) are components of a series of 
psychopharmaceuticals (antidepressants and antiepileptics) such as carbamazepine (41) 
and desipramine (43). 


40:R=H 7 CY US 42:R=H 

41: R = CONH, 6 N US N 43: R= i ae 
I 1 
R R 


A number of natural products contain the azepine framework, for instance, the 
nonproteinogenic aminoacid muscaflavine (44, a yellow pigment of the fly agaric), the 
2H-azepine chalciporon (45, a pungent substance of the peppery bolete [28]), and the 
ethano-bridged tetrahydroazepine (+)-anatoxin (46, a toxic principle of blue-green algae). 


OHC i 
ar & nd 
| RAZA 
N* COOH =H"I-N * 
HOOC 4H H3C O 
44 45 46 


The synthesis of (+)-anatoxin (46) was elegantly achieved starting from 
1,5-cyclooctadiene (47); key transformation is a ring-opening/transannular ring-closure 
domino reaction of the B-lactam epoxide 48 with methy] lithium giving rise to intermediate 
49, from which the target molecule 46 is reached in few conventional steps [29]. 


HO 
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MeLi — 

C) 2) BnBr, NaOH — = 46 

3) MCPBA — 

* 

47 


48 49 


Galanthamine (50), a natural product from Galanthus nivalis, possesses the unique 
spirocyclic structure of a 2,3-dihydrobenzo[b]furan, in which C-3 (as a quaternary carbon) 
is part of a tetrahydro-benzazepine as well as of a cyclohexene moiety. Galanthamine 
was shown to act as a potent inhibitor of cholinesterase and is applied in the therapy of 
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Alzheimer disease [30]. 


7.4 
Diazepines 


Parent compounds of the diazepine family are the 1,2-, 1,3-, and 1,4-diazepines (1-3). 
1,2- and 1,4-Diazepines are of general importance, especially the 1,4-diazepine derivatives 


2,3-dihydro-1,4-diazepine (4), 1,5-benzodiazepine (5), and 1,4-benzodiazepine (6): 


H H 


H H H H 
OOO Ok 
1 2 3 4 5 6 


(1) 1,2-Diazepines 
1,2-Diazepines occur in various tautomeric forms, for example, 1H-, 3H-, and 


4H-1,2-diazepines (1, 7, and 8); 5H-1,2-diazepines of type 9 exist only as the 
valence-tautomeric 3,4-diazabicyclo[4.1.0]-hepta-2,4-dienes (10). 


H 

pon sn PEN No NZ 
———. ——— ll —. i] 

_} — 2 mn © \ N / = Ng 


1 (1H) 7 (3H) 8(4H) 9 (5H) 10 
The synthesis of 1,2-diazepines [31] can be carried out on various routes. 


(a) 1,7-Electrocyclization of 1-diazopenta-2,4-dienes followed by a 1,5 hydrogen shift 
leads to 3H-1,2-diazepines 11 [32], for example: 


Ph Ph 
= H 
Ph ‘. = n Phg 
7 Nl u = 
YeN= Bee 
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(b) Photochemically induced isomerization of pyridine N-ylides 12 yields 1H-1,2- 
diazepines with electron-withdrawing N-substituents at N-1 (14) ([33], compare p. 377): 


se ee > 
12 Re SL = ee R-[|- N-A A=COOR, COR etc. 
. =N 


oN N-A 
olN-A 13 14 


Primary products of this photoreaction are bicyclic diaziridines 13, which yield the 
diazepines 14 in a thermal electrocyclic ring-opening of the three-membered ring. The 
diaziridines 13 can be thermally reconverted into the pyridine N-ylides 12. 

(c) Pyrylium or thiinium salts react with hydrazine or methylhydrazine to give 4H- or 
1H-diazepines via a ring-opening/ring-closure sequence ([34], cf. p. 300), for example: 


Ph Ph fi 
S R-NH-NH, S a l 
=HY NH—NH-R 
Ph~ >x7 ~Ph a Pho" HN“*Ph 
® 5 Ph nH 
Y LI 
7 Ph 
(X =O, §) Ph a Ph_ g 
fl \ R=H |R=CH, \ 
=n —H)X SN 
Ph ph CMs 


(2) 1,4-Diazepines 


(a) 2,3-Dihydro-1,4-diazepines of type 15 are formed from ethylenediamine and 
B-diketones by acid-catalyzed cyclocondensation: 


R! 


HR! H Rt H Rt 
NHz O Ht 7 \ +Ht N \ ie N= 
Oo ae (9 ICS 
O -2H,0 = —-H* = yj 
NH N~_, @N 
R HR? R? 
15 16 


R? N 


As vinylogous amidines, dihydro-1,4-diazepines 15 are strong bases (pK, ~ 13-14). 
Their protonation leads to symmetrically delocalized cations 16 containing 61-electrons 
corresponding to a trimethincyanine system. Its stabilization energy was estimated to be 
circa 80 kJ mol‘. The cations 16 are considered to possess a “quasiaromatic” character 
because of their high resonance energy; they regenerate after addition of electrophiles 
and thus undergo substitution reactions such as deuteriation, halogenation, nitration, 
and azo-coupling at the 6-position: 
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H Rt 
N= 
mC) @~\LH 
e —— le fe ~aR” 
N 2 
H R 


(b) 1,5-Benzodiazepines of type 17 are less basic (pK, circa 4.5) than their aliphatic 
analogs 15 due to the aryl substitution of the amidine-N-atoms. They form intensely 
colored monocations 18 with acids; in strongly acidic medium, both N-atoms are 


protonated to give colorless dications 19: 


HR! 
N Pi a 
LS = OU 
= —Ht 
N R2 
In the monocations 18, the end-groups of the cyanine moiety are linked to a m-system 
group y' y' 


H 
18 
thus enlarging electronic delocalization of 18 in comparison to 17. Systems of type 18 
can be referred to as “cyclocyanines.” 
For the synthesis of 1,5-benzodiazepines, universal educts are 1,2-diaminoarenes, 
which undergo cyclocondensations with various types of 1,3-biselectrophiles. 


(i) Thus, 1,5-benzodiazepines 17 are obtained from 1,2-diaminoarenes and 
1,3-diketones [35]: 


"Gee 
NH> . = 2H,” <5 


(ii) 1,5-Benzodiazepines of type 20 are formed from 1,2-diaminoarenes and alkynones 
(via intermediates 21 and 22); Pd-catalyzed in-situ generation of alkynones from acid chlo- 
rides and terminal alkynes (Pd(OAc)2/Et3N) allows an efficient one-pot three-component 
process [36], for example: 


ag Pd(OAc), N Ar’ 
AS NH» Et,N io ies 
Ra ee + Oo S —_————> aa e 20 
NH, : 2 N= 
2 Ar’ i ‘Ar2 
Y : —H,O 
Ar! ‘ 


: Ar! 
O 
NH oO 
ROT "| s gare 
Ly coceeet tess fee we 7 oe a 
N Ar2 N Are 
22 
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(iii) Dihydro-1,5-benzazepines of type 23 are obtained from 1,2-diaminoarenes and 
a,B-unsaturated ketones in a YbCl3-catalyzed MicHAet addition/cyclodehydration se- 
quence (via intermediate 24) [37]: 


Oo R 


JA 


R? 3 
NH, R Nae HR 
2 YbCl, 
a a 
—H,O oe 
NH» NH2 9 N 1 
R! R 
23 24 


Dibenzo-1,5-diazepines [38] were found to be useful building blocks for antipsychotic 
agents interacting with neuronal receptors [39], for example, clozapine (25), which is 
used for treatment of schizophrenia: 


CHg 


O 
“OOO = 


(c) 1,4-Benzodiazepines (6) and systems derived therefrom [40] are of considerable 
importance as pharmaceuticals, especially as tranquilizers and antidepressants. Several 
methods are available for their preparation: 

(i) 2,3-Dihydro-1H-1,4-benzodiazepin-2-ones (26) are obtained from o-aminobenzo- 
phenones by cyclocondensation with amino esters under base catalysis or by N-acylation 
with halo acid chlorides followed by cyclization with ammonia: 


R2 
Re ROOC-CH-R® ye 
NH 1 N 
ao NH, 
Ri— | 6 — 08 — Ri- R3 26 
S - = 
—H,O n 
O Ar Ar 
3 
Cl AA — HCl 
—H,O 
Cl Re R? 


This reaction principle has considerable scope, as shown by the synthesis of 
various hetero-annulated 1,4-benzodiazepines. For example, [1,2,3]triazolo[1,5-a] 
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[1,4]benzodiazepines 28 are obtained from triazole derivatives 27, which are acces- 
sible via 1,3-dipolar cycloaddition of o-azidobenzophenones with propargylamines; 
pyrrolo[2,1-c][1,4]benzodiazepines 29 are formed from isatoic anhydrides (cf. p. 444) and 


proline: 
= oN 
R pt NR 
+ || —— 
-H 
ce CC NH, 20 sah 
Ar NH A 
. ' 97 AT 28 
N O HOOC N° 
R- a¢ is R- 29 
O HN -H,0 N 
= 00, 
O O 


(ii) 2-Amino-1,4-benzodiazepine-4-oxides 31 are prepared from 2-(chloromethyl)quina- 
zoline 3-oxides 30 by reaction with NH3 or primary amines (STERNBACH, 1961). This 
ring-expansion process is interpreted by addition of the nucleophile to C-2 of 30, 
which leads to elimination of the halide with a 1,2-shift in the nitrone 32; thus, a 
mesomerically favored amidinium system 33 is formed, which on deprotonation yields the 
1,4-benzodiazepine- N-oxide 31. The educt 30 is obtained from o-aminobenzo-phenone 
oximes 34 by N-acylation with chloroacetyl chloride (— 35) followed by acid-catalyzed 


cyclodehydration. 
N 
-R 
N 
Na CHCl Nes = 
poceeee Ri=- oN fe} R!'=- @ ~ 1 
Fm ‘O — HCl = N. ) 
Ar Ar : 
30 31 ' 
RNH i H* 
+ 2 R Hi i 
H INH ~R 
N ( Van N~Y® 
teens > R! CH2—Cl _ .----------> Ri- Unewine 
= @ Ir e) ® 
x (3) x © 
O (e) 
32 = =Ar 33 Ar 
e 4H CHCl 
N 
NH oon cH.c F + 
Ri. — 4% N ——> 30 
Noon — HCl “OH -H,O 
Ar 
34 35 


Diazepam (36, Valium) and chlordiazepoxide (37, Librium) are the best known examples 
of 1,4-benzodiazepines. They are prepared from 5-chloro-2-aminobenzophenone [41]: 
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Chlordiazepoxide yields the nitrone 38 on mild alkaline hydrolysis. Treatment of the 
nitrone 38 with acetic anhydride functionalizes the CH» group yielding the acetate 
39 by a PoLonovsxi reaction; p-toluenesulfonyl chloride causes ring contraction of 
38 affording the tetrahydroquinoxaline 40 in analogy to a BECKMANN rearrangement. 
Alkaline hydrolysis of the acetate 39 and subsequent acid-catalyzed rearrangement of the 
3-hydroxybenzazepin-2-one 41 leads to quinazoline-2-carbaldehyde 42 [42]: 


H (O 
H,O/OH- pi O sé 
2 _ 0,0 
— CH,NH, ai Sy AL sid 
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8 
Larger Ring Heterocycles 


In this chapter, eight-membered (e.g., azocine (1)), nine-membered (e.g., oxonin, thionin, 
and azonine (2-4)), and larger ring heterocycles, as well as porphyrins and other 
tetrapyrrole systems, will be discussed. 


8.1 
Azocine 


Azocine (1) is the aza analog of cyclooctatetraene. It was obtained by vacuum flash 
pyrolysis of diazabasketene and removal from the pyrolysate by freezing at —190 °C [1]: 


=N 
cA VEP 
Bee, = ae 
Ne 


retro-Diels- 
Alder reaction ; 


— HCN 


Azocine is thermally labile and decomposes at —50 °C with polymerization. In its 1H 
NMR spectrum, it exhibits protons in the olefinic region (8 = 7.65 (H-2), 7.0 (H-8), 5.0 
(H-7); the remaining protons are at § © 6). Therefore, azocine is likely to be an atropic 
81-system comparable to cyclooctatetraene. 
2-Methoxyazocine (9) and analogous systems are readily accessible [2]. The synthesis [| 
of 2-methoxyazocine starts with (2+ 2)-cycloaddition of chlorosulfonyl isocyanate to 
1,4-cyclohexadiene. In the cycloadduct 5, the chlorosulfonyl group is removed by treat- 
ment with benzenethiol, and the resulting B-lactam 6 is converted into the imidoester 
7 by alkylation with trimethyl-oxonium tetrafluoroborate. Addition of bromine and 
twofold dehydrohalogenation afford the azabicyclooctatriene 8, from which the yellow 
2-methoxyazocine 9 is obtained by a thermal electrocyclic ring-opening reaction [2]: 
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SO,Cl SO-.CI OCH 
eer N° _PhSH [(CHs) CH OIBFs ° 
“pRsso,CI 
5 O 
1) Br OCH = —N 
2) tBuOK f | 7 OCHs 42 f=. _-OCHs 
—_____—__—_> —___> = 
N : _ note 
8 9 10 


2-Methoxyazocine (‘H NMR: 8 = 6.54(H-8), 5.12 (H-7), 5.75-6.05 (H-3—-H-6)), on 
reduction with potassium in liquid NH; or tetrahydrofuran (THF), takes up two electrons 
(as observed also for 1) forming the red azocine dianion 10, whose proton signals are 
significantly (~1 ppm) shifted downfield (relative to 9). This effect is ascribed to induction 
of a diamagnetic ring current and demonstrates the analogy of 10 with the aromatic 
10x-dianion of cyclooctatetraene. 

Reactions of 2-methoxyazocine proceed via its bicyclic valence isomer 8 [3]. Al- 
though it is the minor constituent of the equilibrium mixture, it is more reactive 
than the eight-membered ring system due to its higher ring strain. Dienophiles (e.g., 
4-phenyl-4,5-dihydro-3 H-1,2,4-triazole-3,5-dione) undergo D1E1s-ALDER reactions to give 
11; demethylation with HBr yields the B-lactam 12, and acid or base hydrolysis leads to 
ring-opening of the four-membered ring producing methyl benzoate or benzonitrile: 


fe) 
den 
Ph-N O 
OCH, OCHs Yr — OCHs 
On — of Pon 


9 HyO / H* HBr 


Eight-membered ring heterocycles with two heteroatoms (diheterocines) are de- 
rived from cis-benzene dioxides and cis-benzene diimines by a valence isomerization 
(PRINZBACH, VOGEL, 1972) [4]: 


<) C) 13:X=0 
« eat Nx 


14:X=NH 


8.2 Heteronines and Larger-Membered Heterocycles 


1,4-Dioxocine (13), a colorless, rapidly polymerizing liquid, behaves like a polyalkene 
(‘H NMR: 8 = 6.00(H-2/H-3), 6.59 (H-5/H-8), 5.12 (H-6/H-7)) without any sign of 
aromatic stability [5]. 

1,4-Dihydro-1,4-diazocine (14), mp 135 °C, forms colorless crystals on sublimation. It is 
almost planar, and, according to X-ray analysis, its bond lengths are largely evened out. 1H 
NMR data (8 = 6.25(H-2/H-3), 6.80 (H-5/H-8), 5.72 (H-6/H-7)) indicate a diamagnetic 
ring current comparable to that of furan or thiophene and, therefore, characterize 14 as 
an aromatic 101-system [6]. The diazocine 14 is prepared from the cis-benzene dioxide 
15 according to the following sequence: 


I re NHMes Mes Mes 
aNg3 3 I N 
—_——> 
OMes 
NHMes 4 
NO N’ 
K, liq. NH Y= ® H,O Ye 
aan © |}2K° > . ) 14 
No nN 
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8.2 
Heteronines and Larger-Membered Heterocycles 


Oxonin (2) and azonines (16) with acceptor substituents at nitrogen are thermally 
unstable. They are strongly folded m-localized polyene structures; their ring protons have 
chemical shifts of atropic 8m-systems without ring current effects in the 'H NMR spectra. 
Azonine (4) and its anion 17 possess relatively high thermal stability and a largely planar 
delocalized structure. Thus the downfield shifts of their ring protons in the 'H NMR 
spectrum meet the criteria for diatropic aromatic 101-systems [7]. 


—— 2:X=0 eS 
\ y 16:X=N-A 17:X=NI me 
Xx (A = COOR, COR, SOR) 


Therefore, 8m-heteronines 2 and 16 engage in pericyclic reactions observing 
the Woodward-Hoffmann rules; photochemical ,8,-isomerizations lead to bicy- 
clo[6.1.0jnonatrienes 18, and thermal ,6,-isomerizations yield  cis-bicyclo[4.3.0] 


nonatrienes 19: 
O™N ul 
Ch 
Ch 
H x H 


(X = O, N-A) : 
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The principle developed by Vogel, to rigidize the perimeter of medium-sized annulenes 
by methano- or oxygen-bridging [8], has proved to be advantageous in the synthesis of 
larger-membered heteroannulenes of various structure types. 

The methano-bridged aza[10jannulene 20 [9], a 10m-analog of pyridine, is a stable, 
yellow compound with a quinoline-like odor and a flattened perimeter (UV: Amax = 
364 nm). The 'H NMR data confirm the aromatic character of 20. The perimeter protons 
combine the features of a-substituted 1,6-methano[10]annulenes and quinoline (see 
p. 387); the upfield shift of the bridge H-atoms (8 CH, = —0.40/ + 0.65) is characteristic; 
itis caused by the shielding effect of the diatropic heteroarene system. The heteroannulene 
20 is less basis (pK, = 3.20) than pyridine (pK, = 5.23) or quinoline (pK, = 4.94). 


HH HH 
a => S —_ 

—_ N= —_ _ 
20 21(X=0,8),4_3 


In contrast, the m-excessive hetero[11Jannulenes 21 [10] and the pyridine-like het- 
ero[12]annulene 22 [11] are atropic molecules. As shown by their 'H NMR spectra, they 
avoid antiaromatic destabilization of a paratropic 121-perimeter by adopting nonplanar 
structures. 


Unbridged analogs of pyridine containing 14n- and 18z-electrons are known 
(ScHRODER, 1979). Aza[14]Jannulene (23, [12]) is a thermally stable, violet compound 
(UV: Amax = 620 nm) and shows signals in the 1H NMR spectrum which are due 
to conformationally mobile intra- and extraannular protons with a shift difference 
of 9.5ppm. This indicates the presence of a flat heteroannulene perimeter with a 
delocalized, strongly diatropic m-system. 

The blackish-green aza[18]annulene (24, [13]) is stable (UV: Amax = 682 nm) and 
shows a chemical shift difference of some 11 ppm between the intra- and extrannular 
protons in the 'H NMR spectrum. The 'H NMR spectrum of 24, in contrast to 23, is 
temperature independent, that is, it behaves like a 1,2-disubstituted [18]Jannulene [14]. 
Its violet hydrochloride 25 occurs in two rapidly equilibrating forms (a/b, in a ratio 
of 1: 4); their NH signals differ by circa 20 ppm (25a: 8yy = —0.81; 25b: 8yy = +19) 
because of their intra- and extrannular position. This supports the diatropic character of 
a Hiickel-aromatic 181-system. 


8.3 Tetrapyrroles 


The synthesis of the aza[18]annulene 24 is carried out by photolysis of the tetracyclic 
azide 26. This is obtained from the (2 + 2)-dimer 27 of cyclooctatetraene by a conven- 
tional method (cyclopropanation with diazoacetic ester followed by conversion of the 
ester function into an azide via COOEt ~ CON; — N=C=O + NH-CO-NH) > 
O=N-N-CO-NH) = N3). 

Crown ethers and cryptands [15] also belong to the group of larger ring heterocycles, 
but will not be discussed further in this book. 


8.3 
Tetrapyrroles 


The parent compound is the porphyrin ring system 1° in which four pyrrole units 
are linked by four sp? methine bridges forming a cyclic conjugated Cy structure 
[16]. Partially hydrogenated porphyrins, such as chlorine (2, 17,18-dihydroporphyrin), 
phlorin (3, 15,24-dihydroporphyrin), bacteriochlorin (4, 7,8,17,18-tetrahydroporphyrin), 
and porphyrinogen (5, 5,10,15,20,22,24-hexahydroporphyrin), are also important: 


“The parent system 1 is also known as porphin, see Pure Appl. Chem. 1987, 59, 779. 
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All pyrrole units of the porphyrin system are partially hydrogenated in the Ci structure 
of corrin (6). Two pyrrole rings are directly linked at the «-positions and not via a methine 
group. 

Porphyrins form a planar macrocycle that contains a conjugated, cyclic delocalized 
system of 22m-electrons [17]. Eighteen electrons can be assigned to the perimeter 
of a 1,16-diaza[18Jannulene, an arrangement which is also found in the chlorin and 
bacteriochlorin systems. Porphyrins and chlorins are intensely colored (1: red to violet, 
Amax * 500-700 nm; 2—4: green, Amax * 600-700 nm). 

The reactions of porphyrins arise from the aromatic annulene character and the am- 
photeric behavior of the pyrrole units, which exist as 1H- or 2H-structures. Accordingly, 
porphyrins form tetradentate chelate complexes 7 with many cations, and as weak bases 
(pKa © 7, pKa2 © 4) they can be protonated to give dications (8). 


+M2t ot ‘ +2Ht 
7 <x~—_: 1: 
-2H 3 !  =2Ht 


Porphyrins and their metal complexes can be substituted by electrophiles, for example, 
by deuteriation, nitration, and Vilsmeier formylation at the methine and pyrrole C-atoms. 

Reduction of porphyrins by catalytic hydrogenation leads to phlorins; with diimides, 
chlorins are obtained; porphyrinogens are formed with sodium borohydride, Na/Hg, or 
by catalytic hydrogenation under drastic conditions. 

Oxidation of porphyrins was used to elucidate its structure. It leads (e.g., with KMnO,) 
to the formation of pyrrole-2,5-dicarboxylic acids with retention of the methine C-atoms 
or (e.g., with CrO3) to maleimides with loss of the methine C-atoms: 


ae n D eae 
H CrO3 KMnOg H 
+ >. 3 + 
D 
O N O ¢ HOOC N COOH 


Single-electron oxidation of the metalloporphyrins 9 (e.g., by halogens or electrochemi- 
cally) leads to the formation of radical cations. These undergo addition with nucleophiles 
at a methine bridge and, after acid demetalation, yield monosubstituted porphyrins 
10 [18]: 
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Et H Et Et Nu et 
Et Et (4) Nur Et Et 
[0] “+ ()2Ht 
9 — 9 | 10 
= met 
Et Et Et Et 
Et Et Nu = NOs, OAc, CN, Nz, SCN Et Et 


pyridine, imidazole, PPh 


Three main approaches are convenient for the synthesis of porphyrins [19], starting from 
appropriately substituted pyrrole derivatives. 


(1) Symmetrically substituted porphyrins are produced by joining four monopy- 
trole building blocks by cyclization (cyclotetramerization). For instance, the 
5,10,15,20-tetraarylporphyrins 12 are obtained by cyclocondensation of pyrrole with 
arenecarbaldehydes catalyzed by acid (BF3-etherate, CF;COOH, etc.; cf. p. 114) followed 
by dehydrogenation (chloranil, Oz, etc.) of the initially formed porphyrinogens 11 [20]. 
Octaethylporphyrin 14 (R'=R*=Et) is synthesized by cyclocondensation of 
3,4-diethylpyrrole with formaldehyde followed by dehydrogenation with O,[21], 
alternatively from 2-(dimethylaminomethyl)-pyrrole 13 (R' = R? = Et) by heating in 
acetic acid [22]: 


Ar Ar 
4 Ar-CH=O chloranil 
+ or O. 
4 l \ eee: es Ar Ar ee Ar Ar 
N -—4H»0 -6H 
H 
Ar R2 R, Ar 
11 12 
R! R2 R! R2 
HOA\ 
« WS omer), 10% 14 
N 
R? R! 
13 
R! R? 


Porphyrin formation from 13 occurs as the result of a repeated cationic domino 
process [23]. This also applies to the biosynthesis of hemin, chlorophyll, and vitamin 
By. from 5-amino-4-oxobutanoic acid via porphobilinogen (13; R! = CH,COOH, R* = 
CH2CH2COOH, NH) in place of NMez) [24]. 

(2) Dipyrroles (dipyrrylmethenes, dipyrrylmethanes) are suitable building-blocks for 
convergent porphyrin syntheses. For instance, the acid-catalyzed cyclocondensation of 
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5-bromo-5’-methyldipyrryl-methenes 15 yields the porphyrins 16 directly with double 
elimination of HBr: 


R? 
R? pro RS Rt R* 
HCOOH 
ies ies Re He” 
Br 2 CHs Rt R! 
R° 460 - 


15 


5,5'-Diformyl-substituted dipyrrylmethanes 17 cyclocondense with 5,5’-disubstituted 
dipyrrylmethanes 18 yielding the dications 19 which are dehydrated to the porphyrins 20: 


R? R? 
R! Ss a R! R2 
\_NH HN~Z 
CHO R! 
OHC 17 
pTosOH, + 2 Ht 
y —2 HO 
H 18 H R38 
NH HN 
R3 S > R3 Rt 
R4 R4 20 


This modification has preparative advantages compared with the direct method because 
it proceeds under milder conditions and the starting materials are easily accessible. 

(3) Cyclization of open-chain, suitably substituted tetrapyrroles affords the possi- 
bility of a linear synthesis of unsymmetrically substituted porphyrins. 1-Bromo-19- 
methylbiladienes 23 are particularly suitable. They cyclize thermally via the terminal 
methyl group forming porphyrins 24 with elimination of HBr: 


R! aS _ Y R4 
\UNH HNS 
Br © CH2Br 1) SnCly 
Br 2) HBr, EtOH 


Br + —HBr 


HsC © H 
=NH HN 


Rey Me POP 


R? 22 ~~ R® 
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The biladienes 23 are prepared in high yield by a FriEpEL-Crarts alkylation of 
5’-unsubstituted 5-methyldipyrrylmethenes 22 with 5-bromo-5’-(bromomethyl)dipyrryl- 
methenes 21 in the presence of SnCl, [25]. 

Porphyrin (1) forms dark red crystals (decomposition temperature circa 360 °C) sparingly [D] 
soluble in most solvents. 

Hemin (25) is obtained from hemoglobin, the red pigment of vertebrate red blood cells, 
by separation of the protein component (globin) with acetic acid and sodium chloride 
(from which the Cl” present in hemin is derived). Removal of the Fe(III) central ion 
from the chelate complex 25 (demetalation) by acid yields the “protoporphyrin” (26). 
Its hydrogenation and decarboxylation leads to “etioporphyrin’” (27); oxidation of hemin 
produces the hemin acid 28. The first synthesis of hemin was achieved in 1929 by H. 
FiscHER and K. ZEILE [26]. 


26 COOH 34 


Hemoglobin transports oxygen from the lungs to the tissues. At normal pressure, 1 g 
of hemoglobin binds 1.35 cm? of Ob, that is, in the ratio Fe:O, of 1 : 1. In hemoglobin, 
iron has an oxidation level of +2. The globin-free iron(II) complex of protoporphyrin 
is known as heme. Oxidation of hemoglobin by O2 leads to methemoglobin contain- 
ing iron at an oxidation level of +3. The globin-free iron(III) complex is known as 
hematin. 

Biological degradation of hemoglobin to bilirubin starts (simplified formulation) 
with oxidation at a methine C-atom forming iron oxyphlorin which exists as enol 
29 in an acidic and as ketone 30 in a basic medium. Further oxidation of 30 
leads to biliverdin with extrusion of the methine bridge, which, on reduction, yields 
bilirubin. 

Catalase and peroxidase are enzymes which are structurally related to hemoglobin. 
Catalase catalyzes the decomposition of hydrogen peroxide, which occurs in some 


556] 8 Larger Ring Heterocycles 


OH “oO 
yj Y 
— HCl 
a ———— 
+ HCl 
HOOC 29. ‘COOH HOOC 30 ‘COOH 


— Fest 


HOOC bilirubin COOH HOOC biliverdin COOH 


metabolic processes, into water and oxygen. Peroxidase catalyzes the oxidation of certain 
substrates by H2O2. Cytochromes are porphyrin iron complexes bound to proteins which, 
as enzymes, play an important role in the oxidative phosphorylation in the respiratory 
cycle. 

Chlorophyll is the green coloring matter in higher plants. It acts as catalyst in the 
energy uptake from sunlight for the photosynthesis of carbohydrates from H2O and COp. 
It consists of chlorophyll a and chlorophyll b (31 and 32) in a proportion of 5 : 2. These 
are optically active and can be separated by chromatography (Tswetr, 1906). 


HX pheophytin HzO 
a 8) Sea 
20°739 
saan io 
Gighagooe :  COCCM. Calgooe “SP OlNs 
31: R= CH, 33: R= CH, 
32: R= CHO 34: R= CHO 


Both chlorophylls contain a central magnesium ion in a chlorin chelate complex. Acid 
treatment removes the magnesium to give pheophytin a and b, which can be hydrolyzed 
yielding phytol and pheophorbide a and b (33 and 34), respectively: 

Pheophorbide has been converted into etioporphyrin (28), which confirmed the struc- 
tural relationship between blood and leaf pigments (H. FiscHER, 1929-1940). 
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Pheophytins and pheophorbides isomerize readily to porphyrins, the vinyl group 
accepting the H-atoms of the dihydropyrrole ring. The synthesis of chlorophyll a was 
carried out by Woopwarp in 1960 [27]. 

Cyanocobalamin (35) (vitamin B12) was isolated from liver extract and from Streptomyces 
griseus. It is of great importance as the antipernicious anemia factor. Its complex 
chemical structure was elucidated by X-ray investigation (CRowroot-HopcxIn, 1957). 
Its central unit is a cobalt complex of a highly substituted corrin system (see p. 551). 
The total synthesis of vitamin B;) was achieved by ESCcHENMOOSER and Woopwarp in 
1971 [28]. 


oc—CH,—CH, | as 
i ¢ Ie 
To CHs 

Hsc—G—O—P-0 HO 


e° 
HOH,C 


35 


Tetraazaporphyrin contains in its porphyrin framework four N-atoms in place of the 
methine groups. Its purple magnesium complex 36 is formed by heating maleinonitrile 
with magnesium propanolate: 


Phthalocyanines are tetrabenzotetraazaporphyrins [29]. Copper(II) phthalocyanine (37) 
(LrNsTEAD, 1934) is prepared from phthalonitrile and copper powder/copper(I) chloride 
[30]. Magnesium phthalocyanine (38) is obtained from Mg and 2-cyanobenzamide by 
thermal reaction in nitrobenzene; the free ligand system is produced by demetalation 
with acid of the magnesium complex. 

Copper phthalocyanine is a dark blue, extremely stable compound which sublimes 
at 500°C without decomposition. It is not affected by heating in hydrochloric acid 
or potassium hydroxide. Copper phthalocyanine can be chlorinated or sulfonated. 
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Its chlorination products (replacement of 14-16H by Cl) are green. Copper phthalo- 
cyanine and its substitution products are important as pigments in the dyestuffs 
industry. 

Verteporfin is a second-generation photosensitizer developed for photodynamic therapy 
of eye diseases, non-melanoma skin cancer, and psoriasis [31]. It is constituted as a 
mixture of the two regio-isomeric dihydrobenzoporphyrine acids 39/40 obtained from 
non-selective hydrolysis of the corresponding (synthetic) tetraester. 


OMe 


Porphyrinoids (porphyrin analogs, porphyrin homologs, and porphyrin vinylogs [32]), 
like porphyrins, are of interest as sensitizers in photodynamic tumor therapy [33]. Some 
of these systems, for example, 41-43 have been synthesized [34]. Their nomenclature 
takes into account the cyclic conjugation of the annulene perimeter and the number of 
methine groups between the four pyrrole units, for example, porphyrin (1) is described 
as [18]porphyrin(1.1.1.1); porphycin (43), which is isomeric with porphyrin, is known as 
[18}]porphyrin(2.0.2.0). 


) 
1 42 43 


4 
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9 
Problems and Their Solutions 


The following problems are organized according to the contents of the foregoing chapters. 
Thus, 1-8 refer to Chapters 3 and 4, 9-73 to Chapter 5, 74 to Chapter 6, and 126-143 to 
Chapters 7 and 8; 144-175 cover miscellaneous topics. 

The purpose of these problems is twofold. First, they may serve as exercises to deepen 
and to extend the facts and materials of heterocyclic chemistry presented in this book. 
Second — and this is the main objective of Chapter 9 — the reader should be enabled to 
apply his knowledge to the understanding of results and developments in the modern 
literature on reactivity, synthesis, and application of heterocycles. Therefore, the explicit 
problem solutions throughout are not given in detail: It is up to the reader to elaborate 
the solutions for himself assisted by studying the references and literature results from 
which the problems have been selected. 

The problems are arranged in concise and standardized form as follows: 


[P| Formulation of the problem, reactant(s), experimental conditions, and other data 
relevant for the transformations described and for the formation of products; 


questions to be answered and considered such as structure and/or stereochemistry 
of products, reaction types, principles and names, reaction intermediates, and 
mechanisms (in most cases summarized by the term ‘“‘mode of formation’); 


s S literature references, notes, and additional information relevant for the solution 
of the problem. 


Problem 1 


[P| Starting with cyclohexene (X) the following sequence of reactions is carried out: 


(a) X, perbenzoic acid — A (80%) 

(b) A, C>H5SH, hexafluoroisopropanol (solvent) — B (stereochemistry?) 

(c) B, H202 >C 

(d) C, K,CO3, 170 °C (vacuum) — D (77% over three steps) 


Q| What are the structures of the products A—D and their modes of formation? 


‘S| Consult Ref. [1] and compare with other ring-opening reactions of oxiranes, for 
example, the B-cyclodextrin-catalyzed aminolysis [2]. 
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Problem 2 


[P| 


Q 
s 


P 


Perform the following sequence of reactions: 


(a) 2-(O-Benzyl)glycerol, allyl bromide, base >A 
(b) A+m-chloroperbenzoic acid (excess) —>B 
(c) B+ H,N — CH) — CH) — CH; — NH, + H20 — (90% over 3 steps) 


What are the structures of the products A-C and their modes of formation? 


Consult Ref. [3] and compare with Problem 2. 


Problem 3 


2-Homopropargyl cyclohexanone reacts with the S-ylide from trimethyl sulfoxo- 
nium iodide in a Corey synthesis. The resulting spiroepoxide A can be subjected 
to a 5-exo-cyclization catalyzed by titanocene (Cp2TiCl,) in the presence of a 
stoichiometric amount of Mn yielding a product B in 90% yield. 


Suggest the structures of A and B, the stereochemistry of B, and a reasonable 
mechanism for its formation! 

According to Ref. [4], a radical cyclization process has to be envisaged, in which 
redoxactive Cp,TiCl participates; Mn plays the role of a reductant regenerating 
the Ti(III) species in the catalytic cycle.By this cyclization method, tetrahydrofuran 
(THF) derivatives have also been prepared. Compare the Lewts-acid-induced tandem 
oxacyclization/oxepane formation in Ref. [5]. 


Problem 4 


P 


[ule 


The methyl ester of 2-methyloxirane-2-carboxylic acid reacts with CH;CN in the 
presence of BF3-etherate to give a product A in 90% yield, which on hydrolysis in 
aqueous acid leads to CH;COOH and a tertiary a-aminoalcohol B. 


Suggest structures for A/B and a mechanism for the formation of A! 


Consult Ref. [6]! 


Problem 5 


Primary 2,3-epoxyalcohols can be reversibly isomerized to 1,2-epoxyalcohols (PAYNE 
rearrangement [7]). Analogously, (aminomethyl)oxiranes are transformed to (hy- 
droxymethyl)aziridines (aza-PAYNE rearrangement [8]). 

However, when (aminomethyl)oxiranes (e.g., cis-(1-benzylaminomethyl)-2- 
propyloxirane (A)) are treated with MgBr)-etherate in dioxane, main products are 
isomers of the (hydroxymethyl)aziridines expected from aza-PAYNE rearrangement, 
for example, from A a compound B is obtained in 78% yield. 


Discuss the structure of B, its stereochemistry, and its mode of formation from A! 


Consult Ref. [8], and note that the reaction A > B proceeds by a twofold inversion 
of configuration! 
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Problem 6 


[P| The natural product (—)-cytoxazone (G), isolated from Streptomyces sp., possesses 
cytokine modulating activity. Its synthesis was achieved according to the following 
sequence of reactions starting from ethyl (4-methoxy)cinnamate (X): 


(a) X, (DHQD)PHAL, OsO,, tBuOH/H20 — A (94%, (28,3R), 99% ee) 
(b) A, TosCl, NEt;, CHCl, (solvent) — B (95%, (2S,3R), 98% ee) 
(c) B, K,CO3, MeOH (solvent) — C (95%, (2R,3S), 99% ee) 
(d) C, NaN3, 4 A mol. sieves, MeCN (solvent) — D (95%, (2S,3R), 98% ee) 
(e) D, Ph-O-CO-CI, pyridine, CH2Cl, (solvent) —>E 
(f) E, PPh3, THF/H20, 50°C =f 
(g) F, NaBH, MeOH (solvent) — G (67% over three steps, 
(4R,5R)) 


Q| What are the structures of the intermediates A—-F and of the target molecule G? 


‘S| Consult Ref. [9] and references on transformations (e)—(g) cited therein! 


Problem 7 


P| In a catalytic asymmetric synthesis, (n-octyl) methyl ketone (X) was reacted 
with trimethyl-sulfoxonium ylide in the presence of a chiral La complex 
LaLi3[(S)-BINOL];-O=P(2,4,6-trimethoxyphenyl) 3. 


(a) With 1.2 equiv. of the ylide and 5 mol% of the catalyst, a product A was obtained 
(>99% conversion, 93% ee). 

(b) With additional 1.0 equiv. of the ylide and additional 15 mol% of the catalyst, a 
product B is obtained (88% yield, 99% ee). 


Q| What are the structures of A and B and the modes of their formation? 


‘S| Consult Ref. [10]! The reaction X — A — Bcan be performed as a sequential one-pot 
procedure; as stated in Ref. [10], the second step proceeds with chiral amplification. 


Problem 8& 


[P| In an expedient asymmetric synthesis of (2S, 3S)-3-(tert-butoxycarbonyl)amino-1,2- 
epoxy-4-phenylbutane (F), the following sequence of reactions was performed start- 
ing from the N-benzylimine of dimethyldioxolane-protected (R)-glyceraldehyde 


(X): 

(a) X, Ph-CH2-—MgCl (2 equiv.), BF3-etherate, diethyl ether, — A (72%) 
—20 > 0°C 

(b) A, Boc2O (4 equiv.), NEt3, methanol, 45 °C — B (96%) 

(c) B, Li, liq. NH3, diethyl ether, —50°C — C (96%) 

(d) C, TFA, (cat.), methanol/H20, 25°C — D (90%) 

(e) D, TosCl (1.2 equiv.), NEt3, nBuySnO (cat.), dichloromethane — E (93%) 
(DCM), 25°C 


(f) E, K.CO3, methanol, 0°C > 25°C — F (98%) 
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LQ | Develop the structures and configurations of the products A-E! 
Discuss their modes of formation! 
S| Consult Ref, [11] for further information! 
Problem 9 
LP | The furanosesquiterpene tsitsikammafuran (X, Cy5H1gO) was isolated from the 
South African sponge Dysidea and its structure was proven by synthesis according 
to the following sequence: 
(a) 2-Isopropyl-5-methylphenol (thymol), PBrs, A — A (53%) 
(b) A, nBuLi, N,N,N’,N’-tetramethylethylenediamine — B (60%) 
(TMEDA), THF, —78 °C; then furan-3-aldehyde, 
then H,O 
(c) B, Me3SiCl, Nal — X (100%) 
Which structure does X possess on the basis of its independent synthesis? 
S| Consult Ref. [12] for structure and synthesis of X! Reaction (c) is used as a 
dehydroxylation procedure [13]. 
Problem 10 
P | The oxidative cycloaddition of 1,3-dicarbonyl compounds to cyclic enolethers can be 


conveniently mediated by tetra-n-butylammonium peroxidisulfate as exemplified by 
the following reaction: 
Cyclohexane-1,3-dione, 2,3-dihydrofuran, [nBu4N]2S20g, KOAc, CH3CN,1r.t. > A 
(90%) 
_Q| What is the structure of product A and its mode of formation? 
S| Consult Ref, [14]! 


Problem 11 


[P| Perform the following sequence of reactions: 


(a) (CH3)3C-CO-CH)—CN + HO-CH)-COOEt, —> A (80%, conditions 


Ph3P, ECXOOC-N=N-—COOEt, THF of a MITsUNOBU 
reaction) 
(b) A, NaH, THF — B (88%) 


.Q| What are the structures of the products A/B and their modes of formation? 
Consult Ref. [15]! 
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Problem 12 


[P| Perform the following reactions: 


(a) tert-Butyl acetoacetate, phenacyl bromide, NaH, THF — A (95%) 
(b) A, TFA, CH2Cl,/THF (solvent) — B (67%) 
(c) A, THF, NaH; then Br—CH,—COOCH;, — C (89%) 
(d) C, TFA, CHCl, /THF (solvent) — D (67%) 


Q| What are the structures of the products A-D and their modes of formation? 
‘S| Consult Ref. [16] for further information! 


Problem 13 


[P| N-Heterocyclic carbenes (NHCs) derived from thiazolium salts (e.g., X) have 
been utilized as catalysts in benzoin condensations, in additions of aldehydes 
to enones (STETTER reaction [17]) and recently in the reaction of acylsilanes with 
a, B-unsaturated carbonyl compounds (sila-STETTER reaction [18]), as exemplified in 
the following sequence of reactions: 


H3C. © ,CH,CH, 
N 


7 Paes: Br 
HO ae 


(a) Ph-CO-SiMe3, Ph-CH=CH-CO-Ph, 1,8-diazabicyclo — A (100% cv.) 
[5.4.0Jundec-7-ene (DBU), 30 mol% X, iPrOH (solvent) 
(b) A, HOAc > B (81%) 


Q| What are the structures of A and B and their modes of formation? 
Discuss the role of the NHC derived from X in the mechanism of formation of A! 
‘S| Consult Ref. [18]! Compare the InCl;-catalyzed reaction of ®-ketoesters with 
1,2-diaroyl-ethenes [19]! 


Problem 14 


is | Transition-metal mediation frequently allows heterocyclic synthesis in few steps 
from simple building blocks, as demonstrated by the following sequential process 
catalyzed by Ru(II) and Cu(II): 


(a) Phenylacetylene, MeOH, [Ru(C5Mes)(MeCN)3]PFe catalyst — A (92%) 
(b) A, MeOH/H20, TosOH, CuCl, (catalyst), air — B (82%) 
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| What are the structures of A/B and the modes of their formation? 
Discuss the stereochemistry of A! 


LS | Consult Ref. [20] for further information! Product B was alternatively obtained by 
PtCl,-promoted cycloisomerization of cis- or trans-1-phenyl-2-(phenylethinyl)oxirane 
[21]! 

Problem 15 


[P| With the cyclic enynone 2-(phenylethinyl)cyclohex-2-en-1-one (X), the following 
reactions are performed: 
(a) X, MeOH, dimethylformamide (DMF), — A (85% in reactions (a) and (b)) 
CuBr (cat.), 80°C 


(b) X, MeOH, PtCl, (cat.), 40°C ih 

(c) X, Iz, MeOH, K3PO,, r.t. —> B (94%) 

(d) X, Ph-N=CH-Ph, CH2Ch, + C (93%, ds > 99%) 
[Au(PPh3)]OTE (cat.), r.t. 

(d) C, Smly, THF, 40°C —> D (67%) 


Q] What are the structures of the products A—D and their modes of formation? 


LS | Consult Ref. [22] for (a), Ref. [23] for (b), and Ref. [24] for (c); for (d) and formation 


of products C/D consult Ref. [25]!Acyclic enynones react analogously to X, see Refs. 
[23-25] and [26]. 


Problem 16 
>) 


The phenylpropanoid polyketide metabolite inotilone (X), isolated from the mush- 
room Inonotus sp. [27], was shown to be a potent COX-2 inhibitor. 


O 


oF X (Inotilone) 
HO 
OH CRs 


Its synthesis was achieved via the following sequence of reactions: 


(a) 2,4-Pentanedione, TMS-Cl, (trimethylsilyl) —- A 
NEt3, hexane, r.t. 
(b) A, lithiumdiisopropylamide (LDA), TMS-Cl, — B (81% over two steps) 


THF, —78°C 
(c) B, N-bromosuccinimide (NBS), CH2Clz — C (>97%) 
(solvent), r.t. 
(d) C, K,COs, diethyl ether — D (>97%) 
(e) D, LDA, TMS-Cl, THF, —78°C —> E (90%) 


(f) E, 3,4-dihydroxybenzaldehyde, BF3-etherate (4 — X (70%) 
equiv.), THF, —30°C 
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Q| What are the structures of the intermediates A—E? Discuss their modes of formation! 


S|} Consult Ref. [28a] and compare with the isoxazole-based inotilone synthesis in 
Ref. [28b]! Reaction (f) corresponds to a modified Muxaryama aldol condensation 
[29]. 


Problem 17 


[P| Starting from 3-bromothiophene (X), the following sequence of reactions is carried 
out: 


(a) X, LDA, THF, 0°C, 30 min; then — A (80%) 
N-formylpiperidine, 3h; then HyO/NH,Cl 
(b) A, HS-CH,—COOEt, K,CO3, DMF (solvent), 1r.t_ = — B (81%) 
(c) B, LiOH, H,O/THF, 3h, reflux; then conc. HCl — C (90%) 
(d) C, Cu, quinoline (solvent), +260°C, 30 min — D (88%), 
evolution of CO 


Q| What are the structures of the products A—-D and their modes of formation? 
‘S| Consult Ref. [30] for further information! 


Problem 18 


[P| Starting from 2,3,-dibromothiophene (X) the following sequence of reactions is 


performed: 

(a) X, nBuli (1 equiv.), THF, —70°C >A 

(b) A, tetrahydrothiophen-3-one, THF, —70°C — reflux, then —>B 
HCl/H20 

(c) B, chloranil, ethylene glycol, reflux (73% over three steps) >C 

(d) C, 2-thienyl-MgBr, Ni(dppp)Cl, (cat.), Et,O, reflux —> D (99%) 

(e) D, Iz (cat.), Oz, toluene (solvent) (60%) — E (60%) 


Q| What are the structures of the products A—E? Explain their modes of formation! 


S| Consult Ref. [31]! For the target molecule E, the name “‘trithienobenzene”’ is 
proposed in Ref. [31]. 


Problem 19 


[P| For the wheat fungicide silthiofam (E), an efficient low-cost synthesis has been 
developed, which starts from 3-chloro-2-butanone (X) and proceeds via the following 
steps: 
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(a) X, NaSH, H2O/toluene >A 
(b) A, methyl 3-methoxyacrylate, NaOMe, toluene —>B 
(c) B, toluene/HCl conc. — C (81% over 


three steps) 
(d) C, LiOH, HO, reflux; then azeotropic removal of H20O; — D (92%) 
then LDA, THF, 0°C; then Me3SiCl 
(e) D, SOC], n-heptane; then allylamine, 
n-heptane/aqueous NaOH —> E (88%) 


LQ} What are the structures of the intermediates A-D and of the target molecule 
silthiofam (E)? Discuss their modes of formation! 


LS | Consult Ref. [32] for further information! 


Problem 20 


[P| Starting from 1,3-diacetoxy-4,6-diiodobenzene (X), the following sequence of reac- 
tions is performed: 


(a) X, TMS-acetylene, PdCl)(PPh3)2, Cul, NEtz, DMF — A (54%) 


(solvent), 

(b) A, allyl bromide, K,CO3, DMF (solvent) — B (64%) 

(c) B, KF, MeOH, (solvent) — C (89%) 

(d) C, methallyl chloride, Cul (cat.), K7CO3, DMF (solvent) — D (99%) 

(e) D, Pd(PPh3)4, DMF (solvent) — E (88%) 

(f) E, Grupss-type Ru-catalyst, CH2Cl, (solvent) —>F 

(g) F, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), — G (70% over 
toluene (solvent) two steps) 


Q | What are the structures of the products A-G and their modes of formation? 


LS | Consult Ref. [33] for further information! It should be noted that in reaction (e) a het- 
erocyclization with O — C allyl migration takes place. Pd-catalyzed heterocyclization 
may also occur with deallylation, see Ref. [34]. 

Problem 21 

Plina one-pot MCR for polyheterocyclization, B-(2-furyl)acrolein, p-toluidine (X), 


phenyl-propiolic acid (Y), and tert-butylisocyanide (Z) were reacted in MeOH. Then, 
MeOH was removed, the residue was taken up in benzene and the solution was 
heated. Then, DDQ was added, the reaction mixture was heated again and the final 
product (C) was isolated. 


(a) (2-Furyl)-CH=CH-CH=0, X, Y, Z, MeOH, rt, 12h —A 


(solvent) 
(b) A, benzene solution, 50°C —>B 
(c) B, DDQ, benzene (solvent), reflux, 12 h — C (82% over 


three steps) 
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Q| What are the structures of the intermediates A/B and of the final product C? Discuss 
their modes of formation! 


S| Consult Ref, [35] for further information! 


Problem 22 


[P| Perform the following one-pot procedures: 


(a) Ethyl acetoacetate, K7CO3, TBAB, H2O; then CS2, — A (75%) 
then Br-CH,—COOEt 

(b) Pentane-2,4,-dione, K7CO3, TBAB, H20; then, CS2, — B (91%) 
then Br-CH,—COOEt 


Q| What are the structures of the products A and B? Discuss their modes of formation! 
‘S| Consult Ref. [36] for further information! (TBAB = [nBu,N]Br). 


Problem 23 


[P| N,N-Diethylacetoacetamide (X) is subjected to the following reactions: 


(a) X, 2,3 equiv. LDA, THF (solvent), — A(intermediate) 
—78 — +20°C; then CI-CH,-—CH)-Br 
(b) A, reflux — B (80%, >98 : 2-mixture 
of stereoisomers) 


Q| What are the structures of A/B and their modes of formation? Which configuration 


: of B predominates? 
‘S| Consult Ref. [37]; compare Ref. [38], where a similar reaction principle is reported. 


(3-Alkylidene) THFs with a CH,CH=O side chain in 4-position were obtained in 
anelegant PdCl)-catalyzed Hecx carbopalladation/cyclization domino reaction of 
(2)- 

configured (allylpropargyl)ether alcohols HO—CH;-CH=CH-CH)-—O-CH)-C= 
C-SiMe; and aryl iodides in the presence of NEt; [39]. 


Problem 24 


[P| Starting from 2-methylpyrrole (X), the following sequence of reactions is carried 
out: 
(a) X, NaOH, H,O/DCM, [nBusN]HSO4, TosCl > A (90%) 
(b) A, methacrylic acid, (F3CCO)20, DCE (solvent) — B (82%) 
(c) B, KOH, H,O/MeOH —> C€ (90%) 


Q| What are the structures of products A—C and their modes of formation? 


S| Consult Ref. [40]! It should be noted that transformation (c) proceeds in analogy to 
a Nazarov reaction. 
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Problem 25 


) 


Lukianol A (Y), isolated from a marine tunicate, shows activity against human 
epidermatoid carcinoma. In a synthesis of Y [41], its heterocyclic core system is con- 
structed by a novel approach (b) as part of the following sequence starting from (X): 


H Oar Ar! = <p OH 
ae~o Ee ONAN ae 
Ar2 pie y Ar Ar? a --€ rock, 
Y 


(a) 1,2-Bis(methoxyphenyl)acrolein (X), (2,4-dimethoxy) — A (85%) 
benzylamine, toluene (solvent), reflux 


(b) A, Cl-CO-COOEt, PPh3, DBU, [nBu4N]I, MeCN —> B (76%) 
(solvent) 
(c) B, TFA, anisole (solvent) —>B 
(d) C, (4-methoxy)phenacylbromide, K,CO3 — D (78% over 
two steps) 

(e) D, KOtBu, H2O/diethyl ether ->E 

(f) E, AcgO, NaOAc —>F 

(g) F, BBr3, CH2Cl, (solvent) — Y (63% over 


three steps) 


LP | What are the structures of the products A-F and their modes of formation? Give a 
mechanistic explanation for the outcome of transformation (b)! 

LS] Consult Ref. [41] for further information! Compare the alternative synthesis of 
lukianol A reported in Ref. [42]! 

Problem 26 


P| Starting from 2-phenyl-1-chlorocyclopropane-1-carbaldehyde (X) the following 
sequence of reactions is performed: 


(a) X, HClin DMF, 40-60°C; then Cl,, DMF/CHC1, — A (81%) 
40-70°C 
(b) A, (CH3)2CH-NHg, TiCl,, diethyl ether/n-pentane, —>B 
25°C 
(c) B, KCN, MeOH (solvent), reflux — C (58% over 
two steps) 
(d) C, NaOMe, MeOH solvent — D (83%) 


.Q] What are the structures of the products A—D and their modes of formation? 


Consult Ref. [43] for further information! For the synthesis of X, see 
Ref. [44]. 
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Problem 27 


[P| Starting from 2-(N-Boc-amino)furan (X), the following sequence of reactions is 
carried out: 


(a) X, lb, NaHCO3, H2O/acetone — A (87%) 
(b) A, Mel, Ag.O, CH2Cl, solvent — B (99%) 
(c) B, nBuLi/Cul, TMSCl, THF, (solvent), —78°C —> C (92%) 
(d) C, Ph-Li, THF, —78°C —> D (94%) 
(e) D, Ph-NH2, TosOH, neat, microwaves, 150°C — E (97%) 


Q| What are the structures of the products A-E and their modes of formation? 
‘S| Consult Ref. [45] for further information! The synthesis of X is described in Ref. [45]. 


Problem 28 


[P| Perform the following sequence of reactions: 


(a) 4-Iodotoluene, pent-4-yn-1-ol, Pd(PPh3),Cl, Cul, NEt; — A (97%) 

(b) A, CBr4, PPh3, CH2Cl, solvent — B (98%) 

(c) 2-iodoaniline, 2,5-dimethoxytetrahydrofuran, HOAc — C (71%) 

(d) C, B, PdCly (cat.), P(2-furyl)3, norbornene (1 equiv.), — D (85%) 
Cs2CO3 (3 equiv.), MeCN (solvent), 90°C, 24h 


Ya 


Q| What are the structures of the products A-D and their modes of formation? 


‘S| Consult Ref. [46] for further information! Reaction (c) follows Ref. [47]. Reaction (d) 
represents a norbornene-mediated Pd-catalyzed threefold domino reaction, which 
in a one-pot procedure constructs three C—C bonds forming a polycyclic system. 


Problem 29 


[P| Ina recent synthesis of the antibiotic pyrrolnitrin (K, cf. p. 124), a convergent strategy 
is followed by constructing two building blocks E and H, which are combined in a 
SuzukI-MryaurRa Cross coupling reaction (i): 


(a) Pyrrole, NaH, triisopropylchlorosilane — A (99%) 

(b) A, NBS, THF (solvent), —78°C —> B (90%) 

(c) B, tBuLi, THF (solvent), —78 °C), then C2Cle, — C (87%) 
—78°C > rt. 

(d) C, NIS, acetone (solvent), r.t. — D (85%) 

(e) pinacolborane, NEt;, Pd(MeCN) Cl), S-Phos (cat.) — E (80%) 

(f) 3-bromochlorobenzene, LDA, THF (solvent), COz, — F (99%) 
—78 > +25°C 


(g) F, H2SOxz, NaN3 >G (92%) 
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Q 
s 


(h) G, MCBPA, DCE (solvent), 70°C — H (94%) 
(i) E, H, Pd(OAc)2, K3PO4, SPhos — J (89%) 
(j) J, [nBug]F, THF (solvent) — K (73%) 


What are the structures of the intermediates A—J and their modes of formation? 


Consult Ref. [48] for further information! 


Problem 30 


) 


Starting from acetophenone (X), the following sequence of reactions is carried out: 
(a) X, isopropylamine, TiCl, — A (90%) 
(b) A, LDA, THF (solvent), 0°C; then allyl bromide, — B (97%) 
0°C, rt. 
(c) B, N-chlorosuccinimide (NCS) (2.2 equiv.), CCly — C (96%) 


(solvent) 
(d) C, Brz, DCM (solvent), 0°C — D (100%) 
(e) D, 2M NaOH (4 equiv.), HxO/DCM — E (90%) 
(f) E,2M NaOH, H,O —> F (96%) 
(g) D, 2M NaOH, H,O —> F (90%) 
(h) D, KO¢Bu, THF (solvent), reflux —> G (93%) 
Q | What are the structures of the products A-G and their modes of formation? 
LS | Consult Ref. [49] for further information! 
Problem 31 
Plina multicomponent approach to five-membered heterocycles [50], the following 
one-pot reactions were performed: 
(a) 1-Phenylpropyn-1-ol (A), 4-cyanobromobenzene  — X (79%) 
(B), NEt3, Pd(PPh3)Cl,/Cul, then benzaldehyde 
(C), 3,4-dimethyl-5-(2-hydroxyethyl)thiazolium 
iodide (D, cat., cf. p. 565), NEt;; then HCl 
conc./HOAc 
(b) A, B, NEt;, Pd(PPh3)2Cl; then C, D, NEt;; then — Y (70%) 
NH,Cl, HOAc, reflux 
Q| What are the structures of the products X/Y and their modes of formation? 
S| Consult Ref, [50] for further information! For comparison, see Ref. [51]! 
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Problem 32 


P| Perform the following reactions: 


(a) 2-Benzylidene cyclohexanone, Li-phenylacetylide; — A (80%) 
then H2,0 

(b) A, Tos—NH) (excess), H[AuCl,] x 4 HO (cat.), MeCN 
(solvent), 30°C 


5% cat. — B(37%) + C (21%) 

10% cat. — B(15%) + C(46%) 

20% cat. — no B obtained, C 
(81%) 


Q| What are the structures of the compounds A-C and their modes of formation? 
Explain the product formation and ratios of B/C in transformation (b) by a detailed 
mechanism! 
‘S| Consult Ref. [52] for further information! 


Problem 33 


[P| Starting from N-acetyl-2-bromoaniline (X), the following sequence of reactions is 


performed: 

(a) X, BoczO, DMAP, THF (solvent) — A (99%) 

(b) A, KHMDS, Cl-PO(OPh),, THF/HMPT >B 

(c) B, (0-tolyl)boronic acid, Pd(PPh)4, CszCO3, — C (86% over 
DMEF/H20, 50°C two steps) 

(d) C, Pd(PPh)4, NEts, DMF, 100°C > D (91%) 


Q| What are the structures of the products A—-D and their modes of formation? 
S| Consult Ref. [53] for further information! 


Problem 34 


[P| Starting from 4-acetyl-3-acetylamino-6-methyl-2H-pyran-2-one (X), the following 
reactions are carried out: 


(a) X, (Z)-1-methoxybut-1-en-3-yne, toluene (solvent), — A (84%) 
150°C, microwave 
(b) A, EtOH, 5% HCl/H20, microwave — B (85%) 


Q| What are the structures of the products A/B and their modes of formation? 
‘S| Consult Ref. [54] for further information and for the synthesis of X! 
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Problem 35 


[P| Starting form 2-[(N-Boc)amino]furan (X) the following sequence of reactions is 


performed: 

(a) X, NaH, I-CH2-Sn(nBu)3, DMF, 0°C — A (88%) 
(b) A, nBuLi, THF, —78 °C; then cinnamaldehyde; then H20 —> B (66%) 
(c) B, o-dichlorobenzene, 180°C, microwave, 20 min —> C (79%) 


Q] What are the structures of the products A—C and their modes of formation? 
LS | Consult Ref. [55] for further information and Ref. [45] for the synthesis of X! 
Problem 36 
Ed Starting with 3-amino-2-chloropyridine (X), the following sequence of reactions is 

carried out: 
(a) X, benzaldehyde, Na[HB(OAc)3], TFA, iPrOAc — A (94%) 
(b) A, phenylacetylene, Pd(OAc)2/dppp —>B 
(1,3-bis(diphenylphosphino)propane) (1 : 2), 
K,CO3, MeCN (solvent), 80°C 
(c) B, tBuOK, THF (solvent), 25 °C — C (87% over 
two steps). 
Q 


|< | What are the structures of the products A-C and their modes of formation? 


S| Consult Ref, [56]! 
Problem 37 
>) 


| Perform the following reactions: 


(a) Benzoyl chloride, phenylacetylene, Pd(PPh),Cl,, — A (80%) 
NEt;, THF, r.t. 
(b) A, 2-iodoaniline, MeOH, 120°C — B (80%) 
(c) B, Cul, 1,10-phenanthroline, KxCO3, DMF, 100°C — C (92%) 
(d) A, 2-bromoaniline, MeOH, 120°C — D (80%) 
(e) D, Cul, 1,10-phenanthroline, K,CO3, DMF, 100°C — C(30%) + E (36%) 


What are the structures of the products A—-E? Discuss their modes of formation! 

In particular, discuss the outcome of reaction (c) with the iodo compound B giving 
rise to C as sole product, and of reaction (e) with the bromo compound D giving rise 
to C and an additional compound E! 


Consult Ref. [57]! 


9 Problems and Their Solutions 


Problem 38 


[P| Starting with 1-nitronaphthalene (X), the following reactions are carried out: 
(a) X, tert-butyl chloroacetate, KOtBu, THF (solvent), —20°C — A (95%) 
(b) A, 1,3,5-trioxane, AcOH, piperidine, reflux — B (95%) 
(c) B, CO, Pd(dba)2/dppp/1,10-phenanthroline — C (99%) 
(cat.), DMF, 110°C 


Q| What are the structures of the products A-C and their modes of formation? 


S| Consult Ref. [58] for further information! Reaction (a) utilizes the principle of 
vicarious nucleophilic substitution. 


Problem 39 


P| Starting from N-Boc-4-chloroaniline (X), the following two sets of reaction cascades 
are performed: 


(a) X, tBuLi, Et,O, —40°C; then LaCl; x 2 LiCl, — A (81%) 
N-Boc-pyrrolidin-3-one; then tBuOK 
(b) A, TIPS—Cl, tBuOK, THF, 25 °C; then LDA, — B (80%) 


—50° + —20°C; then TFA, DCM, 25°C 


Q| What are the structures of the products A/B and their modes of formation? 
S| Consult Ref. [59] for further information! 


Problem 40 


[P| N-Propargyl-substituted carboxamides derived from 1-methylindole-2-carboxylic 
acid 
(X, R-CO-NH-propargyl; Y = R-CO-N(Tos)-propargyl) undergo synthetically 
interesting, but in its outcome different Au(III)-catalyzed cycloisomerizations: 
(a) X, AuCl, (cat.), DCM (solvent), 25°C — A (75%) 
(b) Y, AuCl, (cat.), DCM (solvent), 25°C — B (85%) 


Q| What are the structures of A/B and their modes of formation? 
S| Consult Ref. [60] for further information! 


Problem 41 


[P| 2-Phenylindole (X) reacts with methyl propargyl ether in the presence of InNf; 
(30mol%) in dibutyl ether as solvent at 70-100°C to give a product A (91% 
conversion, 65% isolated yield. (Nf = nonaflate, -O—SO)—C,Fo) 
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Q 


Ss 


What is the structure of A and its mode of formation? 


Consult Ref. [61] for further information! Compare the Rh-catalyzed reaction mode 
of 2-phenylindole toward alkynes reported in Ref. [62]! 


Problem 42 


[P| 


Q 
s 


Physostigmine (Y) belongs to the class of indole alkaloids (cf. p. 147). A recent 
synthesis of Y starts from 2-iodo-4-methoxyaniline (X) and performs the following 
sequence of reactions; key step is a Pd-catalyzed domino cyanation process (c). 


H 
MeO | H fe) 3G 
ET. N 
5 O . CH3 
NH» 


N 
Y X CH, 

(a) X, methacryloyl chloride, NEt3, DCM (solvent) — A (76%) 

(b) A, NaH, CH3I, THF (solvent) — B (93%) 

(c) B, Pd(OAc)2, Ky[Fe(CN)¢], NazCO3, DMF (solvent) — C (80%) 

(d) C, Li(AlH,4), THF (solvent) — D (85%) 

(e) D, formaldehyde, Na(BH,4), NEt;, MeOH (solvent) — E (70%) 

(f) E, HBr/H20 (48%), reflux —>F 

(g) F, N-succinimidoyl N’-methyl carbamate, NaH, THF — Y (44% over 

two steps) 


What are the structures of the products A-F and their modes of formation? 


Consult Ref. [63] for further information! 


Problem 43 


[P| 


When N-benzyl-N-(pent-4-ynyl)amine is subjected to reaction with pentane-2,4- 
dione in the presence of K,[PtCl,] (1 mol%) and 4 A molecular sieves in methanol 
(18h, 40°C), a condensation product A is obtained in approximately quantitative 
yield. 


Ball Q What is the structure of A and its mode of formation? 
S| Consult Ref, [64] for further information! 
Problem 44 
P | The antibiotic (—)-codonopsinine (E) was synthesized with an overall yield of 44% 


starting with (D)-alanine as a chiral template [65]. (D)-Alanine was first converted to 
(N-Cbz)-protected (R)-alaninol (X) in a conventional procedure, then the following 
steps were performed: 
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(a) X, (COCI)2, dimethyl sulfoxide (DMSO), DCM, — A (86% over 


—78 °C; then two steps) 
(4-methoxyphenyl)-CO-—CH=PPh3; DCM 
(solvent) 

(b) A, AD-mix-(DHQD),PHAL, OsOy, —> B (99%) 
H3C—SO,NH), NaHCOs, tBuOH/H,0, 0°C 

(c) B, Na(BH4), MeOH, 0°C; then Ac,O, NEts, — C (90%) 
DCM, 0°C > r+. 

(d) C, TFA, DCM (solvent), 0°C > r.t. — D (81%) 

(e) D, Li(AlH4), THF (solvent), 0 > 60°C — E (74%) 


Q| What are the structures of the products A-E and their modes of formation? 


S| Consult Ref. [65] for further information and for the synthesis of X from p-alanine! 


Problem 45 


[P| Perform the following reactions: 


(a) Benzaldehyde, acrylonitrile, 1,4-diazabicyclo[2.2.2joctane — A (80%) 
(DABCO), triethanolamine (solvent) 

(b) A, HBr, H,SO, —> B (80%) 

(c) B, isoquinoline, K,CO3, DMF (solvent) — C (68%) 


Q| What are the structures of A—C and their modes of formation? 
S| Consult Ref, [66], for transformation (a) cf. Ref. [67]! 


Problem 46 


P| In an expeditious multicomponent condensation, (2-cyanomethyl)pyridine, 2-fluoro- 
benzaldehyde, and cyclohexylisocyanide react in BuOH solution in the presence of 
DBU at 100°C (24h) giving rise to a product A in 69% yield. 


Q| What is the structure of product A and its mode of formation? 
S| Consult Ref. [68] for further information! 


Problem 47 


[P| Starting form 2-iodo-(N-tosyl)aniline (X), the following sequence of reactions is 
carried out: 


(a) X, propargyl alcohol, NEt;, Cul/Pd(PPh)2Cl,, THF (solvent) > A 

(b) A, MnO;, DCM (solvent), 25 °C —> B (93%, 
two steps) 

(c) B, Ph3P=C(COOEt)CH,COOH, toluene/CHCl;, 25°C —> C (87%) 

(d) C, acetic anhydride, NaOAc — D (89%) 
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.Q] What are the structures of the products A—D and their modes of formation? 
LS | Consult Ref. [69]; compare the alternative methodology in Ref. [70]! 
Problem 48 
[el Ethyl azidoacetate is consecutively reacted with 
(a) PPh; in DCM at 25°C, followed by 
(b) benzoylchloride and triethylamine at 25°C, giving rise to a product A in 80% 
yield. 
2] What is the structure of A and its mode of formation? 
LS | Consult Ref. [71] for further information! 
Problem 49 
Plina one-pot four-component synthesis, phenylglyoxal and aniline were stirred at 
r.t. in DCM solution in the presence of 4A molecular sieves for 10 min. Then, 
cyclohexylisocyanide and anhydrous trichloroacetic acid were added and the mixture 
was stirred at r.t. for two days. After workup, a product A was isolated in 85% yield. 
Q| What is the structure of A? Discuss the mechanism and intermediates of its 
formation! 
LS | Consult Ref. [72] for further information! 
Problem 50 
Pl ina Cu-catalyzed four-component coupling reaction of benzaldehyde, n-butylamine, 
phenyl-acetylene, and carbon dioxide (1 atm) in the presence of Cul (30 mol%) in 
ethanol, a product A is obtained in 85% yield. 
Q] What is the structure of A? Discuss mechanism and intermediates of its formation! 
S| Consult Ref. [73] for further information! It should be noted, that the stepwise 
formation of A is less effective than the MCR one-pot procedure. 
Problem 51 


[P| 


Starting from (methylthio)acetone (H;C-S—CH,-—CO-CH;, X), the following se- 
quence of reactions is carried out: 


(a) X, triflic anhydride — A (not isolated) 
(b) A, benzonitrile — B (92%) 
(c) B, Raney-Ni, EtOH (solvent) — C (86%) 


What are the structures of products A-C and their modes of formation? 


Consult Ref. [74] for further information! 
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Problem 52 


[P| Starting from phenylacetone (X), the following reactions are performed: 


(a) X, LDA, THF (solvent), 0°C — A (not isolated) 

(b) phenyl hydroximinoyl chloride, NEt;, THF — B (not isolated) 

(c) A, B, THF, 0°C; then H,0, NH4Cl — C (61%, d.r. 85 : 15) 
(d) C, Na CO, H,0/MeOH —-D (80%) 


Q| What are the structures of the products A-D and their modes of formation? 
‘S| Consult Ref. [75] for further information! 


Problem 53 


[P| In a synthetic route to valdecoxib (C), a potent COX-2 inhibitor, the following 
sequence of reactions is carried out (overall yield 74%): 


(a) 1-Phenylbut-2-yn-1-one, HyN-OMe x HCl, pyridine, — A (92%) 


MeOH, MgSO, 
(b) A, ICl, DCM (solvent) — B (99%) 
(c) B, benzenesulfonamide-4-boronic acid pinacol ester, | — C (81%) 


PdCl,, KHSO4, DMF/H)0 (4: 1), 85°C, 3h 


Q| What are the structures of products A-C and their modes of formation? 
‘S| Consult Ref. [76], for an alternative synthesis of Valdecoxib see Ref. [75]! 


Problem 54 


[P| Starting from 4-methylbenzaldehyde (X), the following sequence of reactions is 
performed: 


a) X, 2-Butanone, aqueous HCl, dioxane — A (90%) 
b) A, H)N-OH, NaOAc, H,O/EtOH > B (63%) 
c) B, MnO), chloroform, reflux —>C ) 


( 
( 
( ( 

(d) C, Cl-SO3H, 55 > 60°C > D (66%) 


Q| What are the structures of the products A—-D and their modes of formation? 


‘S| Consult Ref. [77]! From product D, a series of sulfonamides is prepared by reaction 
with primary and secondary amines in DMF in the presence od K,CO3, which were 
shown to act as highly potent multidrug resistance reversal agents. 
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Problem 55 


[P|] Perform the following reactions: 


(a) Dibenzoylmethane, H,N-OH x HCl, H,O, NaOH, reflux — A (80%) 
(b) A, hydrazine hydrate, Raney-Ni, MeOH, 60°C — B (68%) 
(c) B, hydrazine hydrate, acetonitrile, reflux —> C (80%) 


.Q| What are the structures of the products A—C and their modes of formation? 


S| Consult Ref. [78] for further in formation and Ref. [79] for the synthesis of the educt 
in (a)! 
Problem 56 


P 


Starting from carbazole (X), the following reactions are performed: 


(a) X, diethyl phenylmalonate, 250 > 330 °C — A (90%) 
(b) A, TosCl, NEt3, MeCN, reflux — B (69%) 
(c) B, NaN3, DMF, 80 °C —> C (83%) 
(d) C, DMF, reflux, 6 h — D (58%) 


Q| What are the structures of the products A-D and their modes of formation? 


LS | Consult Ref. [80] for further information! 


Problem 57 
>) 


to the following sequence of reactions starting from 4-methylimidazole (X): 
(a) X, Cl-SO)—N(CH3)2, NEt;, DCM (solvent), 25 °C — A (95%) 


(b) A, nBuLi, THF, —70 > +25 °C; then (CH3)3SiCl — B (not isolated) 
(c) B, nBuLi, THF, —63 > +25 °C; then oxirane; — C (82%, two steps) 


then HCl/H,0 

(d) C, phthalimide, PPhs, diisopropyl — D (98%) 
azodicarboxylate, THF, 50°C 

(e) D, hydrazine hydrate, EtOH, reflux; then — E (94%) 


HBr/H)0, reflux 


.Q] What are the structures of the products A-E and their modes of formation? 


_° | Consult Ref. [81] for further information! 


4-Methylhistamine (E), a selective H4 receptor agonist, was synthesized according 


9 Problems and Their Solutions 


Problem 58 


P| 


+)-Cibenzolin (E), a class | antiarrhythmic agent, was synthesized from benzophe- 
none (X) as educt according to the following sequence of reactions: 


— 


(a) X, CH3CN, THF/n-hexane, nBuLi, —80 > +25 °C — A (90%) 
(b) A, SOCh, pyridine, DCM, 0 > +25 °C — B (87%) 
(c) B, trimethylsulfoxonium iodide, NaH, DMSO, 0 > +25°C — C (55%) 
(d) C, 1,2-diaminoethane, Sg (cat.), reflux — D (88%) 
(e) D, Ph-I(OAc)2, KxCO3, DMSO —> E (72%) 


Q| What are the structures of the products A-E and their modes of formation? 
‘S| Consult Ref. [82] for further information! 


Problem 59 


[P| The angiotensin II antagonist irbesartan (E, cf. p. 280), a widely used antihypertensive 
drug, is obtained in a convergent synthesis: Two building blocks B and C are prepared 
from the educts X and Y and combined (d) to afford the target molecule E: 


(a) 1-Aminocyclopentanecarbonitrile (X), valeroyl >A 

chloride, NEt3, DCM 
(b) A, HCl/H2,0 — B (90% over two steps) 
(c) (4-bromomethyl)-2’-cyanobiphenyl (Y), NaN3, — C (92%) 


DMF, 30°C; then PPh3, EtOAc/H20, 25 — 30°C; 
then HCl/H20, 0 > 5°C 

(d) B, C, DCC, HOBt, diisopropylethylamine (Hiinig — D (93%) 
base) (DIPEA), DCM (solvent) 

(e) D, NaN3, nBu3SnCl, o-xylene/DMF, 150 > 155°C; — E (71%) 
then 35% HCl/H20, DCM/o-xylene, 20 > 25°C 


Q| What are the structures of the products A-E and their modes of formation? 


S| Consult Ref. [83]; for an alternative synthesis of E, see Ref. [84]. Devise syntheses for 
the educts X and Y! 


Problem 60 


[P| Perform the following reactions: 


(a) Isoquinoline, 1,2-dibromoethane (excess), 90°C, five days — A (90%) 
(b) A, toluene/NH3; followed by MnO), Na2COs, reflux,4h — B (100%) 


Q| What are the structures of the products A/B? Discuss mechanism and intermediates 
of the transformation A — B in the one-pot reaction (b)! 


‘S| Consult Ref. [85] for further information! 
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Problem 61 


P 


2-Aminobenzothiazole, benzaldehyde, and ethyl cyanoacetate were reacted in aque- 
ous medium with microwave irradiation (600 W) for 7-8 min at 25°C. As result of 
this MCR process, a product A was isolated in 89% yield. 


_Q| What is the structure of A and its mode of formation? 
S| Consult Ref. [86] for further information! 
Problem 62 
P| The complete functionalization of a series of heterocyclic systems is achieved by 
successive regioselective metalations with modern Mg-organometallics and trapping 
with various electrophiles (cf. p. 392). This methodology was applied to the synthesis 
of the acaricide tebufenpyrad utilizing the following sequence of reactions with 
1-methylpyrazole (X) as educt: 
(a) X, TMPMgCl x LiCl, THF, 25°C, 1h; then — A (71%) 
NC-COOEt, —10 > +25°C 
(b) A, NaOCl, HOAc, 25°C, 4h —> B (93%) 
(c) B, (TMP)2Zn x 2 MgCl, x 2LiCl, THF, 25°C, — C (not isolated) 
6h 
(d) C, Pd(OAc)2, S-Phos; then InCl;/3 EtMgCl, | — D (6%, two steps) 
THF, 25°C, 8h 
(e) D, NaH, THF, 25°C — E (75%) 
| What are the structures of the products A-E and their modes of formation? 
S| Consult Ref, [87] for further information! 
Problem 63 


[P| 


N-Heterocyclic carbenes (NHCs) have found widespread applications in organo- 
metallic chemistry. For the following example B, a modular two-step synthesis of a 
popular class of NHCs is described: 


(a) N,N’-Dimesitylformamidine, 3-chlorobutanone, — A 
Hiinig’s base, MeCN, 110°C, 20h 
(b) A, acetic anhydride, HCl, toluene, 14h, 90°C — B (89% over 
two steps) 


What are the structures of A/B and their mode of formation? 


Consult Ref. [88] for further information! 


9 Problems and Their Solutions 
Problem 64 


[P| Starting from salicylaldehyde (X), the following sequence of reactions is carried out: 


(a) Trichloroethylene, K,CO3, DMF, 70°C, 15h -—> A (69%) 

(b) A, benzenesulfonylhydrazide, MeCN, r.t.,2h — B (not isolated) 

(c) B, NaOH/H20 (2M), 50°C, 1h — C (97%). (Reactions (b) and 
(c) are performed as a 
one-pot procedure.) 


Q| What are the structures of the products A—C? Discuss their modes of formation and 
consider that in reactions (c) two intermediates Y/Z are crucial for the formation of 
product C! 


‘S| Consult Ref. [89] for further information! 


Problem 65 


[P| 2-Halogenoanilines can be used as educts for benzazole synthesis, as shown by the 
following two sequences of reactions (a) /(b) and (c)/(d): 


(a) 2,4-Difluoroaniline, K-O-ethyl dithiocarbamate, — A (not isolated) 


DMF, 95°C, 4h 
— B (91%, two steps) 
(b) B, SO2Cl, (neat or in DCM) — C (99%). 
(c) 2-Iodoaniline, CICOOCHs;, pyridine — D (90%); 


(d) D, benzylamine, Cul/(L)-proline (cat.), KxCO3, — E (81%) 
DMSO, 50°C, 3h; then 150°C, 3h 


Q| What are the structures of the products A-E and their modes of formation? 
‘S| Consult Ref. [90] for sequence (a)/(b) and Ref. [91] for sequence (c)/(d)! 


Problem 66 


P| Alkynones are valuable building blocks for the synthesis of functionalized five- 
membered heterocycles (cf. Chapter 5), as exemplified by the following two-step 
sequence: 


(a) Ph-CO-C=C-Ph, acetylhydrazine, toluene, 80°C — A (77%) 
(b) A, ICI, LizCO3, DCM (solvent), r.t. — B (95%) 


Q| What are the structures of the products A/B and their modes of formation? 
‘S| Consult Ref. [92] for further information! 
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Problem 67 


[P| With compound A - synthesized according to reaction (a) — the following three- 
component one-pot domino processes (b)/(c) in aqueous medium (as examples of 
“Green Chemistry”) are performed: 


(a) Phenylhydrazine, H3C-CO-—CH2-CN, toluene — A (89%) 
(solvent), reflux 

(b) A, 4-fluorobenzaldehyde, malodinitrile, — B (95%) 
Na-dodecane-1-sulfonate (cat.), HzO, 90°C, 22h 

(c) A, benzaldehyde, tetronic acid, microwaves, H,O, — C (95%) 
100°C, 3 min 


| What are the structures of the products A-C and their modes of formation? 


S | Consult Ref, [93] for reaction (b) and Ref. [94] for reaction (c)! 
Problem 68 
>) 


__] Starting form 1,1-difluoroethylene (X), the following sequence of reactions is carried 
out: 


(a) sBulie, THF/cyclohexane, —105 — —70°C; then -— A (not isolated) 
Me3SiCl, HMPTA, —70 > —30°C 

(b) A, diazomethane, diethyl ether, —30 > +25°C -—> B (84%) 

(c) B, 4-nitroiodobenzene, Cul/pyridine-2-aldoxime, — C (98%) 
Cs,CO3, MeCN, 60°C 

(d) B, tetra-n-butylammonium fluoride (TBAF), — D (84%) 
AcOH, THF (solvent), 50°C 


Q| What are the structures of the products A—D and their modes of formation? 


S| Consult Ref, [95] for further information! 
Problem 69 
P | Celecoxib (B), a potent COX-2 inhibitor, is synthesized starting from 4-methyl- 


acetophenone (X) according to the following sequence: 


(a) X, F;C-COOEt, NaH, DMF, 5 > 0°C — A (90%) 
(b) A, (4-sulfamoyl)phenylhydrazine hydrochloride, — B (81%) 
H,0, reflux, TMP 14 h 


_Q| What are the structures of the products A/B and their modes of formation? 


Consult Ref. [96a] for further information! Compare with Ref. [96b]! 


9 Problems and Their Solutions 


Problem 70 


[P| In a one-pot three-component domino reaction, a solution of thiosemicarbazide, 
phenacyl bromide, and pentan-2,5-dione in ethanol is heated to reflux in the presence 
of a catalytic amount of aqueous HCl for 5h. After workup, a product A is isolated 
in 92% yield. 

Q| What is the structure of A and its mode of formation? 

S| Consult Ref. [97] for further information! 


Problem 71 


[P| Perform the following reactions: 


(a) 2-Aminopyridine, propargyl bromide, EtOH (solvent), 1h — A (80%) 
(b) A, 4-nitroiodobenzene, Pd(PPh3).Cl, Cul, NEtz;, DMF, r.t., 16h — B (85%) 


Q| What are the structures of the products A/B and their modes of formation? 
‘S| Consult Ref. [98] for further information! 


Problem 72 


[P| Perform the following reactions: 


(a) Ethyl acetoacetate (2 equiv.), paraformaldehyde — A (50%) 
(1 equiv.), piperidine; then NaOEt, ethanol 

(b) A, tosyl azide, (L)-proline (20 mol%), DMSO — B (94%) 
(solvent), 25°C, 24h 


Q| What are the structures of the products A and B and their modes of formation? 
Discuss the mechanism for the formation of B with participation of 1-proline as 
catalyst! 


‘S| Consult Ref. [99] for further information! Compound A is known as ‘“‘Hagemann’s 
ester.” 


Problem 73 


P| Perform the following reactions: 


(a) Aminoguanidine hydrogencarbonate, benzoyl chloride, — A (60%) 
pyridine, 0°C 
(b) A, 220°C(neat) — B (84%) 


(c) B, 4-chlorobenzaldehyde, tert-butylisocyanide, HClO, (cat.), —> C (70%) 
MeOH, 25°C 
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Q | What are the structures of the products A-C and their modes of formation? 


S| Consult Ref. [100] for further information! Reaction (c) is an acid-catalyzed multi- 


component domino process. 


Problem 74 
>) 


With the phenyl propargyl ether X (Ph-O-—CH,-—C=C-(p-tolyl)), the following 
reaction (a) is carried out: 


(a) X, Pd(OAc)2 (5 mol%), CuBrz (2.5 equiv.), LiBr (1 equiv.), — A (75%) 
AcOH, 10h 


Q | What is the structure of product A and its mode of formation? 


LS | Consult Ref. [101] for further information! 


Problem 75 


[P| In a one-pot multicomponent cascade (a), salicylaldehyde (X), 2-methoxyaniline (Y), 
and 4-pentyn-1-ol (Z) were reacted under the following conditions giving rise to a 
product A in 87% yield: 


(a) X, Y, Z, [Pd(MeCN)4]BF4 (cat.), MeCN (solvent), — A? (single diastereomer) 
r.t. > A! (mixt. of diastereomers); then 
Mg(ClO4)2 (5 equiv.), HClO, (1.6 equiv.), 
DCM/MeCN (10: 1), rt. 


_Q| what are the structures of the products A1/A? and their modes of formation? 


LS | Consult Ref. [102] for further information! 


Problem 76 


[P| Starting from 2-methylfuran (X), the following sequence of reactions is 
carried out: 


(a) X, nBuLi, diethyl ether; then phenyl oxirane, — A (77%) 


then H,O 
(b) A, NaH, THF; then propargyl bromide — B (64%) 
(c) B, AuCl;, chloroform (solvent) — C (89%) 


Q| What are the structures of the products A—C and their modes of formation? 


_° | Consult Ref. [103] and compare with the Au-catalyzed transformation on 
p. 68! 
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Problem 77 


[P| In a sequential multicatalysis process (organocatalysis/BROENSTED catalysis), salicy- 
laldehyde (X), and cyclopentane-1,3-dione (Y) were reacted according to the following 
sequence: 


(a) X, Y, HAntzscu ester (1 equiv.), aniline (5mol%), — A (80%) 
DCM (solv.), r.-t., 2h 
(b) A, TosOH (30 mol%), DCM (solvent), 45 °C, 2h — B (90%) 


Q| What are the structures of the products A/B and their modes of formation? 


S| Consult Ref. [104]! (HaNTzscH ester = 2,6-dimethyl-1,4-dihydropyridine-3, 
5-dicarboxylic acid diethyl ester) 


Problem 78 


[P| Perform the following reactions: 


(a) 2-Hydroxyacetophenone, diethyl carbonate, NaH, — A (90%) 
toluene; then H,O 

(b) A, benzaldehyde, 6-aminoquinoline, HzO, microwaves, — B (94%) 
140 °C, sealed tube, 5—6 min 


Q| What are the structures of products A/B and their modes of formation? 
S| Consult Ref. [105] for reaction (b) and Ref. [106] for reaction (a)! 


Problem 79 


[P| Perform the following reactions: 


(a) Methyl cyanoacetate, p-methoxyethylamine, neat, 25°C — A (96%) 
(b) A, 5-bromosalicylaldehyde, NaHCO3, H20, 0 > 25°C, one day — B (99%) 
(c) B, HCl/H20, 80°C, 90 min > C (89%) 


Q| What are the structures of the products A-C and their modes of formation? 
S| Consult Ref. [107] for further information! 


Problem 80 


P| Transition-metal-catalyzed cyclizations often lead to unexpected product formation, 
as documented by the reaction (c) of trimethylallene carboxylic acid (X) with the 
5-azaocta-2,7-diynylic carbonate B prepared according to reactions (a)/(b): 
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(a) (N-Tosyl)propargylamine, DEAD, PPh;, THF (solvent) — A (80%) 

(b) A, nBuLi, THF, —78 °C; then H;CCOCHs, then CICOOMe, -—> B (65%) 
then TBAF 

(c) B, X, Pd(PPh3)4,, CH3NOy (solvent), 60°C, 1h — C (87%) 


Q | What are the structures of the products A-C and their modes of formation? 
LS | Consult Ref. [108], especially for the interpretation of reaction (c)! 
Problem 81 
P | Perform the following reactions: 
(a) Citric acid, H2SO, (conc.), 25 > 65°C — A (not isolated) 
(b) then, 25 > —15°C, 2,4-dihydroxyacetanilide, — B (85% over two steps) 
H2SOq, 12h (reactions (a) /(b) are conducted as a 
one-pot procedure) 
(c) B, HCl, EtOH, reflux — C (82%) 
Q | What are the structures of the products A-C and their modes of formation? 
S| Consult Ref. [109] and Ref. [110] for information on product A! 
Problem 82 
r Ipriflavone (7-isopropyl-3-phenyl-4H-chromen-4-one), a naturally occurring iso- 
flavone, was reacted with NH, x HO in ethanol (80°C, 90min) giving rise 
to a product A in 92% yield. 
Q| What is the structure of product A and its mode of formation? 
S| Consult Ref, [111] for further information! 
Problem 83 
E Starting from the commercially available B-(3,4,5-trimethoxyphenyl)propionic acid 


(X), the following transformations of a natural product synthesis are performed: 


(a) X, Polyphosphoric acid, neat, 90°C — A (76%) 
(b) A, EXOOC-—COOEt, MeONa, toluene; toluene — B (72%) 
removed in vacuo, then KOH, MeOH, 30% H2032; 
then MeOH removed and acidified (HCl/H20) 
(c) B, acetic anhydride, diethyl ether, 25°C —> C (82%) 
(d) C, acetic anhydride, reflux — D (76%) 
(e) D, BBr3, DCM (solvent), —78°C — E (75%) 


9 Problems and Their Solutions 


Q| What are the structures of products A-E and their modes of formation? 


‘S| Consult Ref. [112] for further information! Compound E is the natural product 
6-O-methylreticulol. 


Problem 84 


[P| In an efficient one-pot protocol, 1,2,4-triacetoxybenzene and p-bromobenzaldehyde 
are condensed in a 2 : 1 ratio in ECOH/H)2O in the presence of H2SO, at reflux 
temperature, followed by reaction with K,S2Ox at 80°C. Aqueous workup afforded 
a deep-red product A (81% isolated yield, dye content 92%). 


Q| What is the structure of product A and its mode of formation? 
S| Consult Ref. [113] for further information! 


Problem 85 


[P| Perform the following reactions: 


(a) Benzaldehyde, methyl acrylate, — A (75%) 
DABCO, triethanolamine, five days, r.t. 

(b) A, acetic anhydride, r.t., 30 min — B (90%) 

(c) B, cyclohexane-1,3-dione, triethylamine, — C (89%) 
90 °C, 15 min 

(d) B, cyclohexane-1,3-dione, triethylamine, — D (80%) + C (10%) 
90°C, 2.5h 


Q| What are the structures of the products A-D and their modes of formation? 
‘S| Consult Ref. [114] for reactions (c)/(d) and Ref. [67] for reactions (a)/(b)! 


Problem 86 


[P| Perform the following reactions: 


(a) 3-Picoline (excess), 2,4-dinitrochlorobenzene — A (90%) 
(b) A, diallylamine, iPrOH, reflux; then 3 M aqueous NaOH — B (67%) 
(c) B, microwaves, o-dichlorobenzene, 200°C, 8 h — C(60%) + D (15%) 


Q| What are the structures of the products A-D and their modes of formation? 
S| Consult Ref. [115] for further information! 


Problem 87 


[P| Starting from 3-amino-4-picoline (X), the following sequence of reactions is carried 
out: 
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(a) X, sBuli (3 equiv.), —-78 > +25°C,3h — A (intermediate) 

(b) A, +25 + —78°C, ethyl benzoate, 1h — B — C (88% over three steps) 
(intermediate); then MeOH, —78 > +25°C, 1h, 
then NH,4Cl/H,0 


Q]| What are the structures of the products A—C and their modes of formation? 


LS | Consult Ref. [116] for further information! 


Problem 88 


[P| Perform the following sequence of reactions: 


(a) 2,6-dichloropyridine, LDA, THF, —78°C; then acetone, —> A (71%) 
—78 — +25 °C; then H,0 


(b) A, H2SO, (conc.), AcOH, reflux — B (84%) 

(c) B, m-chloroperbenzoic acid (MCPBA), DCM (solvent), — C (81%) 
25°C 

(d) C, n-butylamine, BuOH (solvent), 110°C; then 4N — D (86%) 


HCl/H)0, 25°C 


Q] What are the structures of the products A—D and their modes of formation? 


LS | Consult Ref. [117] for further information! 


Problem 89 


[P|] Perform the following reactions: 


(a) 2,3-Dichloropyridine, aniline, Pd(OAc)2/BINAP — A (83%) 
(2,2'-bis(diphenylphosphino)-1,1’-binaphthy]) 
(cat.), K2CO3, toluene, A 

(b) A, Pd,(dba)3/P(tBu)3, DBU, microwaves, dioxane, — B (88%) 
180 °C(sealed tube) 


| What are the structures of products A/B and their modes of formation? 


Consult Ref. [118] for further information! 


Problem 90 


_“_| In a recent synthesis of the pyridine alcaloid (+)-anabasine, the following sequence 
of reactions is performed: 


9 Problems and Their Solutions 


(a) Pyridine, O-(2,4-dinitrophenyl)hydroxylamine, — A (96%) 
THF/H)20 (1: 1), 40°C, 14h; then benzoylchloride, 
NaOH/H20 (10%), r.t. 1h 

(b) A, 3-bromopyridine, Pd(OAc)2/P(tBu); (cat.), K2CO3, — B (83%) 
toluene, 125°C 


(c) B, Hz (300 psi), PtO2, MeOH, 25 °C, 24h —> C (87%) 
(d) C, Sml,, HMPT, THF, 0°C; then Boc,O, NaOH, rt. — D (84%) 
(e) D, trifluoroacetic acid, DCM (solvent) — E (100%) 


Q| What are the structures of the products A-E and their modes of formation? 
S| Consult Ref. [119] for further information! 


Problem 91 


[P| In a consecutive one-pot/four-component process, the following sequence (a) is 
carried out: 


(a) a-Phenylpropargylalcohol, (4-cyano)bromobenzene, — A (70%) 
Pd(PPh3)2Cl)/Cul (cat.), NEt;/THF, reflux, 12 h; then 
morpholinocyclohexene, NEt3, reflux, 16h; then NH,Cl, 

HOAc, reflux, 16h; then K,CO3, ethylacetate, workup 


Q| What is the structure of product A and its mode of formation? 
S| Consult Ref. [120] for further information! 


Problem 92 


[P| A solution of ethyl 2-azido-5-phenylpenta-2,4-dienoate, 2-diazo-1-phenylethanone, 
and triphenylphosphine in xylene was heated to 140°C for 2h. Workup by chro- 
matography afforded a product A in 80% yield. 


Q| What is the structure of product A and its mode of formation? 
‘S| Consult Ref. [121]! 


Problem 93 


[P| In a synthesis utilizing the VitsMEYER-Haackx reaction, the following reactions are 
carried out: 


(a) N-(2-Methoxyphenyl)acetoacetamide, 1,2-dibromoethane, K,CO3, > A (99%) 
DMF 

(b) A, DMF (5 equiv.), POC]; (5 equiv.), 100°C, 1h; then quenched — B (90%) 
with H,O 

(c) A, DMF (5 equiv.), POC]; (5 equiv.), 120°C, 5h; then quenched -—> C (91%) 
with H20 
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Q | What are the structures of the products A-C and their modes of formation? 


S| Consult Ref. [122] for reactions ((b)/(c) and Ref. [123] for reaction (a)! 
Problem 94 
P| Perform the following reactions: 


a) 4-Bromothiophene-3-carboxylic acid, SOCl2, isopropyl acetate — A (82% 
propy. 
(solvent), 50°C; then aminoacetaldehyde dimethylacetal, DIPEA, 
isopropyl acetate, 25 °C 


(b) A, polyphosphoric acid, 100°C — B (74%) 
(c) B, POCIs, 75°C > C (93%) 
(d) C, NH4OH, dioxane, 150°C, 300 psi — D (86%) 


Q] What are the structures of products A-D and their modes of formation? 


Consult Ref. [124] for further information! 


Problem 95 


In an example of “Green Chemistry,” the microwave-assisted multi-component 
reaction of cinnamic aldehyde oxime, 4-chloroacetophenone, and ammonium acetate 
(ratio 1: 2: 1, 110°C, 8 min) leads to a product A in 87% yield. 


g What is the structure of A and its mode of formation? 


S| Consult Ref, [125] for further information! 
Problem 96 
Plina regiocontrolled single-step domino process, the (N-cyclohexyl)amide of 3,5- 


dimethoxy-benzoic acid and ethyl vinyl ether react in the presence of (F;CSO2).O 
(1 equiv.) and 2-chloropyridine (1 equiv.) in DCM solution at —78 > 0°C. After 
aqueous workup, a product A is obtained in 97% yield. 


Q| What is the structure of product A and its mode of formation? 


s 


Consult Ref. [126] for further information! 


Problem 97 


[P| In a one-pot microwave-assisted benzazine synthesis, 2-iodoaniline and 
a-phenylpropargyl alcohol were reacted in the presence of Pd(PPh3)2Cl)/Cul (cat.) 
and DBU (2 equiv.) in THF at 120-150 °C (sealed vessel) for 30 min. After aqueous 
workup and chromatography, a product A was isolated in 81% yield. 


Q What is the structure of A and its mode of formation? 


Consult Ref. [127] for further information! 
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Problem 98 


[P| In a recent synthesis of a polycyclic natural product analogon (F), the following 
sequence of reactions is performed: 


(a) 2,5-dimethoxyaniline, a-acetylbutyrolactone, — A (83%) 
toluene, reflux, 24 h 
(b) A, POC, reflux — B (63%) 
(c) B, aniline, EtOH (solvent), reflux — C (70%) 
(d) C, Pd/C, mesitylene, reflux — D (57%) 
(e) D, AgO, aqueous HNO3, MeCN, 25°C,5 min — E (not isolated) 
(f) E, 2,3-dimethylbuta-1,3-diene, CHCl, 120°C, — F (81% over two steps) 


18h; then, DBU, 25°C, 24h 


Q| What are the structures of the products A-F and their modes of formation! 
S| Consult Ref. [128] for further information! 


Problem 99 


[P| Perform the following Au(I)/Ag(I)-catalyzed reactions: 


(a) 4-Methoxy-N-(pent-4’-ynyl)aniline (X), phenyl acetylene (Y), | — A (74%) 
(1: 1), Au(I)-cat (5 mol%); H20, r.t., 24 h 

(b) A, Au(I)-cat (5 mol%), H2O, 60°C — B (96%) 

(c) X (1 equiv.), ¥ (4 equiv.), Au(I)-cat (5 mol%), H20, 75°C, 26h — B (87%) 


Q| What are the structures of the products A/B and their modes of formation? 
(Au(I)cat =[Au{P(tBu)2-(0-biphenylyl)}]Cl/AgBF4). 


‘S| Consult Ref. [129] for further information! 


Problem 100 


[P| Perform the following reactions: 


(a) N-(2-Bromotolyl)pyrrole (X), norbornadiene, Pd(OAc),, PPh3, — A (94%) 
Cs2CO3, toluene, 80 °C(sealed tube) 


(b) X, norbornadiene, Pd(OAc)2, PPh3, Cs2COs, toluene, — B (98%) 
120 °C(sealed tube) 
(c) N-[2-(B,6-dichloro)vinyl|pyrrole, phenyl boronic acid, — C (90%) 


Pd(OAc)2/S-Phos (cat.), CszCO3, toluene, HzO (5 equiv.), 100°C 


Q| What are the structures of the products A-C and their modes of formation? 


‘S| Consult Ref. [130] for reactions (a)/(b) and Ref. [131] for reaction (c)! Reactions 
(b)/(c) open pathways to the pyrrolo[1.2-a]quinoline system. 
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Problem 101 


[P| 


Q 


Perform the following reactions: 


(a) 4-Chloroquinoline (X), 2-chloroaniline, (Y), — A (81%) 
Pd, (dba)3/Xantphos (cat.), CsCO3, dioxane, reflux 

(b) A, Pd2(dba)3, P(tBu)3, K3PO4, dioxane, 120°C — B (95%) 

(c) X, Y, Pd)(dba)3, K;PO4, dioxane, 125 °C — B (82%) 

(d) B, CH31I, DMF, 80°C; then NayCO3, HO > C (75%) 


\-* | What are the structures of the products A-C and their modes of formation? 


s 


Consult Ref. [132] for further information! Product C is the natural product isocryp- 


Pro! 


tolepine, which exhibits antiplasmodial activity. 


blem 102 


[P|] Ina one-pot three-component reaction, methyl 2-formylbenzoate, 2-aminopyrazine, 


and tert-butylisocyanide were subjected to a tandem process, namely: 


(a) TosOH, MeOH, 25°C, 12h A (intermediate, not isolated) 
(b) then TFA, 40-50°C, 2h final product B (92% over two steps) 


_Q| What are the structures of the products A/B and their modes of formation? 
S| Consult Ref, [133] for further information! 
Problem 103 
Plina multicomponent reaction, pyridine (1.0 equiv.), phenacyl bromide (1.0 equiv.), 
and (2-trimethylsilylphenyl)triflate (1.2 equiv.) were reacted in 1,2-dimethoxyethane 
(DME) at reflux temperature; then, NazCO 3 (1.5 equiv.) and CsF (4 equiv.) were 
added and the reaction was proceeded at 85 °C. After aqueous workup, a compound 
A was isolated in 60% yield. 
Q| What is the structure of product A and its mode of formation? 
S| Consult Ref. [134a]! For interpretation, cf. Ref. [134b]! 
Problem 104 
Plina regioselective Rh-catalyzed cycloaddition, (4-methoxyphenyl)acetylene and ben- 
zylisocyanate react in toluene at 110°C in the presence of [Rh(C2H4)2Cl]z and 
a 2,2'-dihydroxy-biphenyl-derived NMe2-substituted phosphoramidite as catalysts. 
After workup by chromatography, a product A is obtained in 88% yield. 
_Q| What is the structure of product A and its mode of formation? 
S| Consult Ref, [135]! 
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Problem 105 


[P| Perform the following reactions: 


(a) (4-Cyanomethyl)pyridine, CH3I, isopropanol; then NaOH/H20 — A (76%) 
(b) A, chloroacetyl chloride, triethylamine, dioxane (solvent), reflux — B (63%) 
(c) B, benzylamine, DMF (solvent), 110-120 °C —> C (93%) 
(d) C, Hz, Pd/C, MeOH, 40°C —> D (92%) 


Q| What are the structures of the products A-D and their modes of formation? 
‘S| Consult Ref. [136] for further information! 


Problem 106 


[P| Starting from 2-iodobenzaldehyde (X), the following sequence of reactions is carried 


out: 

(a) X, phenyl acetylene, PdCl,, PPh3, NEt;, MeCN — A (70%) 
(b) A, NaBHy, MeOH —> B (90%) 
(c) B, (PhO)2PO-N3, DBU, toluene — C (80%) 
(d) C, Ip (5 equiv.), K3POx4 (5 equiv.), DCM (solvent), 25°C, 24h — D (95%) 


Q| What are the structures of products A—-D and their modes of formation? 
‘S| Consult Ref. [137] for further information! 


Problem 107 


[P| In a recent synthesis of the isoquinoline alkaloid (+)-crispine (C), the following 
sequence of reactions is performed: 
(a) (3,4-Dimethoxyphenyl)acetyl chloride, — A (80%) 
4-aminobutyraldehyde diethylacetal, NEt;, DCM 
(solvent), 0 > 25°C 
(b) A, AIC]; (1.5-equiv.), DCM (solvent) — B (87%) 
(c) B, LiAIH,, H2SO, (conc.) (0.5 equiv.), THF, 0°C —> C (80%) 


Q| What are the structures of the products A-C and their modes of formation? 
S| Consult Ref. [138] for further information! 


Problem 108 


[P| In a one-pot four-component coupling process, dimedone, benzaldehyde, ethyl 
acetoacetate, and NH4OAc (ratio 1: 1: 1: 1) were reacted in ethanol in the presence 
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of ZrCl, (5 mol%) at 25°C for 2h. After aqueous workup, a yellow product A was 
obtained in 94% yield. 


| What is the structure of product A and its mode of formation? 


S| Consult Ref, [139] for further information! 
Problem 109 
Plin a two-component domino process, ethyl 7-iodohept-2-ynoate and 3- 


chloropropylamine x HC] (ratio 1 : 1) were reacted in acetonitrile in the presence 
of K,CO3 (3.5 equiv.) and molecular sieves at 65 °C for 36 h. After aqueous workup, 
a product A was isolated in 81% yield. 


LQ] What is the structure of A and its mode of formation? 


_° | Consult Ref. [140] for further information! 


Problem 110 


In one-pot microwave-assisted syntheses, 2-aminopyridine-3-carbaldehyde was re- 
acted (1:1) (a) with N-methylcyanoacetamide, and (b) with N-phenylacetoacetamide. 
Both reactions (a)/(b) were performed with neat components under microwave irra- 
diation for 3 min in the presence ofa catalytic amount of sulfamic acid (Hz2N-—SO3H). 
Aqueous workup afforded from (a) a product A (92%), and from (b) a product B 
(93%). 


Q| What are the structures of the products A/B and their modes of formation? 


s 


_° | Consult Ref. [141] for further information! 


Problem 111 


P 


Perform the following two-step synthesis: 


(a) Meldrum acid (1 equiv.), triethylorthoformate (25 equiv.), —> A (82%) 
neat, reflux, 2 h; then 2,4,5-trimethylaniline, reflux, MeOH 
(b) A, diphenyl ether (solvent), reflux, 1h; then hexane, filter — B (90%) 


Q] What are the structures of products A/B and their modes of formation? 


s 


Consult Ref. [142] for further information! 


Problem 112 


P| Perform the following two-step synthesis: 


(a) 2-Nitroacetophenone, DMF-dimethylacetal, DMF (solv.), — A (95%) 
100°C, 50 min 
(b) A, Pd-C, cyclohexene, EtOH, reflux, 20 min — B (85%) 
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Q| What are the structures of the products A/B and their modes of formation? 


‘S| Consult Ref. [143]! In (b), cyclohexene serves as hydrogen donor in a catalytic 
hydrogen transfer process. 


Problem 113 


[P| Starting from 4-methoxyaniline (X), the following sequence of reactions is carried 


out: 

(a) X, methyl propiolate, MeOH (solvent), 18 > 30°C — A (99%) 
(b) A, diphenyl ether (solvent), reflux (260°), 30 min — B (93%) 
(c) B, PBr3, DMF (solvent), 18°C, 1h — C (88%) 
(d) C, Nal, Ac)O, MeCN (solvent), microwaves, 80°C, 3h -—> D (94%) 


Q| What are the structures of products A—-D and their modes of formation? 
S| Consult Ref. [144] for further information! 


Problem 114 


[P| The opiate antagonist fentanyl (C) is prepared in a one-pot three-step procedure 
starting from 4-piperidone hydrochloride (X): 


(a) X, phenylacetaldehyde, NEt;, Na[HB(OAc)3], —> A (not isolated) 


DCE, 25°C 
(b) A, aniline, HOAc, Na[HB(OAc)3], 24h — B (not isolated) 
(c) B, propionyl chloride, 2 h; then workup — C (40%, three steps) 


Q| What are the structures of the products A-C and their modes of formation? 
‘S| Consult Ref. [145] for further information! 


Problem 115 


[P| Perform the following sequence of reactions: 


(a) 2-(w-Bromobenzyl)-(N-phenylsulfonyl)aniline (X), — A (92%) 
1-morpholinocyclohex-1-ene, NaH, DMF, 
—10 > 425°C, 16h 
(b) A, HBr, acetic acid, THF, 60°C — B (81%) 
(c) B, K-tert-butanolate, DMF, 65 °C — C (85%) 


Q| What are the structures of the products A-C and their modes of formation? 
S| Consult Ref. [146] for further information! (e.g., on the synthesis of X) 
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Problem 116 


P| In a drug synthesis program, the following sequence of reactions was performed: 


(a) Dimedone, sulfanilamide, EtOH (solvent), reflux — A (81%) 
(b) A, benzylidene malodinitrile, NEt;, EtOH (solvent), reflux — B (79%) 
(c) B, formic acid, reflux —> C (73%) 


Q]| What are the structures of the products A—C and their modes of formation? 


s 


Consult Ref. [147] for further information! 


Problem 117 


[P| In a three-component one-pot procedure, 2-aminophenol, 4-nitrobenzaldehyde, and 
tert-butylisocyanide were reacted in ethanol in the presence of a catalytic amount 
of TosOH at reflux temperature for 6h. After aqueous workup, a product A was 
isolated in 91% yield. 


Q| What is the structure of product A and its mode of formation? 


Consult Ref. [148] for further information! 


Problem 118 


Perform the following three-component one-pot reactions: 


(a) 4-Bromobenzaldehyde (X) (2 equiv.), urea (Y) (3 equiv.), — (96%). 
4-methoxyacetophenone (Z) (1 equiv.), KHSO, (cat.), ACOH, 
80°C, 1.5 h; then HO 

(b) X (2 equiv.), Y (3 equiv.), acetone (1 equiv.), KHSOy, (cat.), ACOH, — B (88%). 
80°C, 2h; then H,O 


Q| What are the structures of the products A/B and their modes of formation? 


S| Consult Ref. [149]! It should be noted, that compounds A and B are of different 
structure type. 


Problem 119 
P | Perform the following reactions: 
(a) Malodinitrile, triethylorthoformate, Ac,.O — A (not isolated); 
then hydrazine hydrate — B (71% two steps, 


one-pot procedure) 
(b) B, (4-chlorophenyl)acetonitrile (X), HC(OEt)3 (Y), — C (77%) 
NEts, toluene, A, 2h 
(c) B, X, Y, ethanol, HCl, reflux, 2 h — D (89%) 
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Q| What are the structures of the products A-D and their modes of formation? 


S| Consult Ref. [[150]a]! It should be noted, that in the MCR processes (b)/(c) the 
same components (B/X/Y) lead to different products (C/D) due to different reaction 
conditions. 


Problem 120 


[P| For the preparation of antihypertensive drugs, a common precursor G was synthe- 
sized according to the following sequence of reactions: 


(a) Vanillin, NaClO., HyNSO3H, H20, 25°C — A (83%) 

(b) A, (CH30)2SOp> (2 equiv.), K7CO3, acetone, reflux — B (not isolated) 

(c) B, HNO3, —5 > 0°C — C (91% over two steps) 
( 

( 


d) C, Ho, Raney-Ni, iPrOH, 70 °C(autoclave) — D (80%) 

e) D, urea (3 equiv.), 120 > 280°C; then 20% aq. — E (100%) 
NaOH, 25°C 

(f) E, POCl;, DMF —> F (75%) 

(g) F, aqueous NH3/THF, 25°C —> G (90%) 


Q| What are the structures of the products A-G and their modes of formation? 
‘S| Consult Ref. [151] for further information! 


Problem 121 


[P| In a microwave-promoted one-pot domino process, anthranilic acid (2 equiv.) was 
reacted with N-Boc-glycine (1 equiv.) in the presence of P(OPh); and pyridine at 
230°C for 20 min giving rise to a product A in 50% yield. 


Q| What is the structure of product A and its mode of formation? 
‘S| Consult Ref. [152]! Compound A is the alkaloid sclerotigenin. 


Problem 122 


[P| Perform the following reactions: 


(a) 2-Aminopyridine-3-[N-(4-iodo)phenyl)nicotinamide, > A (97%) 
triethylorthopropionate (excess), HOAc, 60°C 

(b) A, NCS, AcOH (solvent), 40°C — B (97%) 

(c) A, Zn(CN)2, Pd2(dba)3/dppf (cat.), DMF, 115 °C — C (97%) 

(d) A, (4-cyano)phenylboronic acid, Pd[PhP(tBu)2]2,Cl, — D (96%) 
(cat.), K;PO4, dioxane/H2O (4: 1), 100°C 


Q| What are the structures of the products A-D and their modes of formation? 
‘S| Consult Ref. [153] for further information! 
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Problem 123 


[P| Starting from 1-tetralone (X), the following sequence of reactions is performed: 


(a) X, methyl thiocyanate (H;C-S—CN), triflic anhydride, — A (70%) 
DCM, r.t., 24h; then NaHCO;3, H20 


(b) A, DDQ, 1,2-dichlorobenzene, 120°C, 3 h — B (93%) 
(c) B, MCPBA, DCM, r+, 4h > C (85%) 
(d) C, NH3, DCM, r-t. > D (74%) 
(e) D, MeONa, MeOH, reflux, 2 h — E (85%) 


.Q| What are the structures of the products A-E and their modes of formation? 


_° | Consult Ref. [154] for further information! 


Problem 124 


Perform the following reactions: 


(a) 3-Methyl-3-buten-1-ol, MeSO2Cl, NEtz, DMAP, — A (96%) 


DCM, 0°C, 2h 
(b) A, salicylaldehyde, K,CO3, EtOH, reflux — B (54%) 
(c) B, N,N-dimethylbarbituric acid, EDTA (cat.), — C (93%) 
DCM, r.t., 4h 


(d) C, DCM, 9 kbar (high pressure vessel), 70°C, 20h — D (81%) 


| What are the structures of the products A-D and their modes of formation? 
Ss 


Consult Ref. [155] for further information! 


Problem 125 


[P| In a synthesis of the selective COX-2 inhibitor GW 406381 X (E), the following 
sequence of reactions is carried out: 


(a) (4-Methylsulfonyl) phenylacetic acid, SOCh, — A (68% over two steps) 
DCM; then phenetole (PhOEt), AICl,, DCM 
(b) pyridazine, hydroxylamine-O-sulfonic acid, HxO; — B (80%) 


then K[PF6] 
(c) A, B, TiCl,, DCM a 9 
(d) C, NEt;, DCM + D 
(e) D, 1,, DCM — E (65% over three steps). 


_Q| What are the structures of the products A-E and their modes of formation? 


Consult Ref. [156] for further information! 
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Problem 126 


[P| Starting form 2-hydroxy-5-methylbenzaldehyde (X), the following sequence of reac- 
tions is performed: 


(a) X, benzyl bromide, K,CO3, DMSO, 40°C, 30 min — A (90%) 
(b) A, methyl acrylate, DABCO, triethanolamine (solvent), — B (90%) 


rt, 15h 
(c) B, acetic anhydride, DMAP, DCM, r-t., 1h —> C (98%) 
(d) C, KCN, DMSO/H,0 (3: 1), r-t., 30 min > D (89%) 
(e) D, BF3-etherate, dimethyl sulfide, DCM, r.t., 10h — E (75%) 


(f) E, TosOH (monohydrate), toluene, reflux, 30 min — F (87%) 


Q| What are the structures of the products A-F and their modes of formation? 
S| Consult Ref. [157] for further information! 


Problem 127 


[P| Perform the following sequence of reactions: 


(a) 1-Naphthol, allyl bromide, K,CO3, acetone, reflux — A (80%) 


(b) A, N,N-diethylaniline (solvent), reflux, 12 h — B (70%) 
(c) B, allyl bromide, K,CO3, acetone, reflux, 12 h —> C (79%) 
(d) C, Grusss Ru-catalyst, DCM, 25°C, 4h — D (78%) 
(e) D, SeOz, xylene, reflux, 24 h — E (52%) 


Q| What are the structures of the products A-E and their modes of formation? 
‘S| Consult Ref. [158] for further information! 


Problem 128 


[P| Starting form methyl (2-formyl)benzoate (X), the following sequence of reactions is 
carried out: 


(a) X, allylamine, molecular sieves, DCM, 25 °C; — A (82%) 
then acetyl chloride; then HyC=CH-—CH)—ZnBr 
(b) A, Gruss Ru-catalyst, DCM, 25°C — B (not isolated) 
(c) B, NaHMDS, DCM, —78°C — C (70% over 
two steps) 


Q| What are the structures of the products A-C and their modes of formation? 
‘S| Consult Ref. [159] for further information! 
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Problem 129 


[P| In a synthesis of a natural product analogon (D), the following sequence of reactions 
was performed: 


(a) 2-Bromo-5-hydroxypyridine, TosCl, NEt;, DCM, 0°C — A (94%) 

(b) A, LDA, —78 °C, diethyl ether; then MezgN-CH=O; then H20 —> B (53%) 

(c) B, (4,5-methylenedioxy)-2-bromo-benzylphosphonium — C (87%) 
bromide, tBuOK, THF (solvent), 0 > +25 °C 

(d) C, Pd(OAc)2, PCy (cat.), K7CO3, DMF, 120°C —> D (94%) 


.Q| What are the structures of the products A-D and their modes of formation? 


S| Consult Ref, [160] for further information! 
Problem 130 
>) 


In a convergent synthesis of a polyheterocyclic system (E), the following sequence 
of reactions is carried out: 


(a) 3-Phenylprop-2-yn-1-ol, phthalimide, DEAD, PPh3, THF — A (95%) 


(solvent) 
(b) A, hydrazine hydrate, MeOH — B (50%) 
(c) 2-nitrobenzaldehyde, NaN3, DMF, 60°C —> C (50%) 


(d) B, C, ““C-phenyl TosMIC” reagent, DMF (solvent), 25°C; — D (60%) 
then K,CO3, 25°C 
(e) D, CuSO, x 5 H,O, DMEF > E (65%) 


Q | What are the structures of the products A-E and their modes of formation? 


LS | Consult Ref. [161] for further information! 


Problem 131 


LP] Starting from the commercially available 2-amino-5-fluorobenzoic acid methyl ester 
(X), the following sequence of reactions is performed: 


(a) X, 2,5-dimethoxytetrahydrofuran, HOAc, reflux, 1 h — A (99%) 
(b) A, LiAIH,, THF (solvent), 0°C — B (95%) 
(c) B, PCC, DCM, 25°C, 1h —> C (76%) 
(d) C, methyl acrylate, DABCO, triethanolamine, 25 °C, three days — D (90%) 
(e) D, H,SO4, CCl, 25°C, 10 min; then H,O —> E (91%) 


OQ] What are the structures of the products A-E and their modes of formation? 


Consult Ref. [162] for further information! 
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Problem 132 


[P| Perform the following reactions: 


(a) Bayzis-H111Man acetate from benzaldehyde and > +25°C — A (71%) 
methyl acrylate (cf. Problem 131, (d)), 
phthalimide, MeOH; then NaBH,, MeOH, 0 

(b) A, CH3SO3H, DCE, 80°C, 2h —> B (78%) 


Q| What are the structures of the products A/B and their modes of formation? 
S| Consult Ref. [163] for further information! 


Problem 133 


[P| Starting from 2-allyl-1-phenylsulfonylindole (X), the following sequence of reactions 
is performed: 
(a) X, (a, a-dichloro)dimethylether, TiCl,, DCM — A (90%) 
(solvent), —78 °C 
(b) A, allylamine, Na[HB(OAc)3], ACOH, DCM, 25°C; —> B (65%, two steps) 
then TosCl, NEt;, DCM (solvent), 25 °C 
(c) B, Ph-CH=Ru(PCy3)2Cl (cat.), DCM (solvent), — C (89%). 
—78°C 


Q| What are the structures of the products A-C and their modes of formation? 
‘S| Consult Ref. [164] for further information! 


Problem 134 


P| In a sequential three-component condensation, dimedone and 1,2-diaminobenzene 
were reacted in boiling isopropanol in the presence of acetic anhydride for 40 min. 
Then, 4-nitrobenzaldehyde was added and heating under reflux was continued for 
40 min, giving rise to a product A in 86% yield. 


Q| What is the structure of product A and its mode of formation? 
‘S| Consult Ref. [165] for further information! 


Problem 135 


[P| Starting with 2-bromocyclohex-1-ene-1-carbaldehyde (X), the following sequence of 
reactions was carried out: 


(a) X, 3-phenylprop-1-yne, Pd(PPh)2Cl), Cul (cat.), NEts, — A (97%) 
benzene, r.t. 
(b) A, N-methylhydroxylamine hydrochloride, NaOAc, DCM — B (72%) 
(c) B, KOH, MeOH (solvent), r.t. — C (88%) 
(d) C, toluene (solvent), reflux —> C(50%) + D (50%) 
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Q] What are the structures of the products A—D and their modes of formation? 


LS | Consult Ref. [166] for further information! 
Problem 136 
. Starting from N-allylaniline (X), the following sequence of reactions 


is performed: 


(a) X, BF;-etherate, xylene, 140°C (sealed tube),7h -—> A (68%) 


(b) A, TosCl, pyridine, reflux, 4h — B (not isolated) 
(c) B, (2-bromo)benzylbromide, K,CO3, Nal, acetone, — C (90%, two steps) 
reflux, 3.5 h 


(d) C, Pd(OAc)2, KOAc, [nBus]Br, DMF, 90°C, 6h — D (75%) 


Q | What are the structures of the products A-D and their modes of formation? 


LS | Consult Ref. [167] for further information! 
Problem 137 
P| with ethyl (2-phenacyl)cyclopentan-1-one-2-carboxylate (X), the following reactions 


are carried out: 


(a) X, liquid NH3, molecular sieves, —75°C, 7h — A (63%) 
(b) X, n-butylamine, Bi(NO3)3; x 5 HO, THF, two days, 70°C —> B (61%) 


| What are the structures of the products A/B and their modes of formation? 


S| Consult Ref, [168] for further information! 
Problem 138 
P| Ina macrolactam synthesis, the following sequence of reactions was carried out: 


(a) 2-Pyrrolidone, benzyl bromide, NaH, THF — A (76%) 

(b) A, LiAIH4, vinyl-Mg-Br, THF — B(62%) 

(c) B, Troc-Cl, NayCO3, MeCN (solvent) — C (71%) 

(d) C, Zn, HOAc; then O-TBDMS mandelic acid, — D (46% over two steps) 
EDCI, DMAP, MeCN (solvent) 

(e) D, LiHMDS, toluene (solvent), reflux — E (76%) 

(e) E, TBAF, THF (solvent) —> F (89%) 


Q| What are the structures of the products A—-F and their modes of formation? 
|° | Consult Ref. [169] for further information! (Troc = -CO-O-—CH2-CCl) 
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Problem 139 


[P| With 2-[(N-Boc-N-propargyl)amino]benzyl methyl ketone (X), the following reaction 
is carried out: 
X, SmI, (2.2 equiv.), HMPTA, tBuOH, THF, r.t., 12h — A (78%) 


Q| What is the structure of product A and its mode of formation? 
‘S| Consult Ref. [170] for further information! 


Problem 140 


P| In a three-component MCR process, cylopentan-1-on-2-(N-phenyl)carboxamide, 
1,2-diamino-ethane, and 4-fluorobenzaldehyde (neat) were heated to 120°C for 4h. 
After chromatographic workup, a product A was isolated in 77% yield. 


Q| What is the structure of product A and its mode of formation? 
‘S| Consult Ref. [171] for further information! 


Problem 141 
[P| Starting from pyrrole-2-carbaldehyde (X), the following sequence of reactions is 
performed: 
(a) X, methyl bromoacetate, K,CO3, acetone, 25°C — A (86%) 
(b) A, KMnOg, acetone/H20 (1: 1), 25°C — B (83%) 
(c) B, SOCh, neat, reflux; then methyl anthranilate, pyridine, — C (73% over 
toluene, 25°C two steps) 
(d) C, KxCO3, DMSO, 60°C; then aqueous HCl (2 M) (pH 3-4), — D (63%) 
in @ 


Q| What are the structures of the products A-D and their modes of formation? 
‘S| Consult Ref. [172] for further information! 


Problem 142 


[P| The ester of crotonic acid with (2-formyl)phenylethanol was treated with 
Li-tetramethyl-piperidide in a toluene/THF solution (10 : 1) in the presence of 
the Lewis acid Al-tris(2,6-di-phenyl)phenoxide at —48°C for 1h. After workup, a 
product A was isolated in 70% yield. 


Q| What is the structure of product A and its mode of formation? 
S| Consult Ref. [173] for further information! 


Problem 143 


[P| The reaction of 1-(2,4-dinitrophenyl)pyridinium chloride with 4-methoxyaniline (2 
equiv.) (EtOH, reflux, 12h) afforded a colored compound A (UV: Amax = 264, 333, 
396 nm) in 83% yield. 
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_Q| What is the structure of product A and its mode of formation? 
Ss 


Consult Ref. [174] for further information! 


Problem 144 

P | Perform the following reactions starting from 2-iodobenzaldehyde (X): 
(a) X, phenylacetylene, Pd(PPh3)4/Cul, Et;3N, DMF — A (80%) 
(b) A, hydroxylamine hydrochloride, methanol — B (85%) 
(c) B, tert-butyl isocyanide, AgOT£/Bi(OT#)3, dioxane, 30°C — C (99%) 
(d) A, p-toluenesulfonyl hydrazine, ethanol D (85%) 
(e) D, Br., DCM, 25 °C; then (4-methoxyphenyl)acetylene, DBU, — ag (91%) 

AgOTE 


Q] What are the structures of A-E? Discuss the modes of formation for products C and 
E! 


S| Consult Ref. [175], for further information on C and Ref. [176] for further information 
on E; for comparison, see Ref. [177]! 
Problem 145 


[P| Starting from benzaldehyde (X), the following reactions are performed: 


(a) X, HyN-CN (4 equiv.), methanol (4. equiv.), — A (87%) 
tBuONa (4 equiv.), neat, 25°C; then NBS, 50°C 
(b) A, phenylhydrazine (1.2 equiv.), methanol, reflux — B (92%) 


.Q| What are the structures of the products A and B and their modes of formation? 
s 


Consult Ref. [178] for further information! 


Problem 146 
P 


In a copper-catalyzed cyclocondensation reaction, pyrrole-2-aldehyde and 
2-iodoaniline (X) are heated in NMP as solvent at 130°C in the presence of K;PO4 
and Cul/sparteine as catalyst. After workup, a product A is isolated in 83% yield. 


Q| What is the structure of product A and its mode of formation? 


LS | Consult Ref. [179] for further information! Analogous products are obtained from 


the reaction of educt X with indole-, imidazole-, and pyrazole-2-aldehydes. 


Problem 147 


LP | An interesting example of the control of chemoselectivity by counterions has 
been observed for the reaction of O-(2-butynoyl)salicylaldehyde (X) with phenyl 
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boronic acid (Y) mediated by the cationic Pd-complex [Pd(dppp)(H20O)2JAnz (ZAn2, 
An = anion): 


(a) X, Y, ZAn2 (where An = BF4), dioxane, 25°C, 15 min — A (98%) 
(b) X, Y, ZAnz (where An = OTH), dioxane/H20O (150: 1), 25°C, 70h — B (75%) 


Q| What are the structures of the products A/B and their modes of formation? 


S| Consult Ref. [180] for further information! Note that A and B are structural isomers. 


Problem 148 


[P| Perform the following reactions starting from acetoacetanilide (X): 


(a) X, CS), tBuONa, 0°C; then CH31, THF, 0 > 25°C — A (99%) 
(b) A, aqueous hydrazine (80%), reflux — B (97%) 
(c) B, sodium perborate, H20, reflux — C (91%) 


Q| What are the structures of the products A-C and their modes of formation? 
S| Consult Ref. [181] for further information! 


Problem 149 


[P| When N-tosyl methallyl (2-butynyl) amine (X) is heated in DCE solution at 60-70 °C 
in the presence of a catalytic amount of RhCl(CO)(PPh3)2/Ag[SbF.], after workup a 
product A is obtained in 95% yield. 

Q| What is the structure of A and its mode of formation? 

S|} Consult Ref. [182] for further information! Note that A is isomeric to the educt X! 


Problem 150 


[P| When (4-methoxyphenyl)hydroximinoyl chloride (1 equiv.) and 2-trimethylsilyl-1- 
trifluoro-methylsulfonyloxybenzene (1.5 equiv.) are reacted in THF at 25 °C for 30s 
in the presence of [nBuy]F (2.4 equiv.), a product A is formed in 92% yield. 


Q| What is the structure of product A and its mode of formation? 


‘S| Consult Refs. [183] and [184] for further information! Compare the corresponding 
syntheses of 1H-indazoles [185] and 2H-indazoles [186]! 


Problem 151 

[P| When methyl propiolate is reacted with furan (excess) in DCM at —22°C in the 
presence of EtAlCl), two stereoisomeric products A (53%) and B (23%) are formed. 

Q| What are the structures of the products A/B and their modes of formation? 

‘S| Consult Ref. [187] and p. 67 for further information! 
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Problem 152 


) 


On treatment with a catalytic amount of AuCl; in DCM at 30°C for 2 min, the oxime 
of benzoyl (3-methoxyphenyl) acetylene is cycloisomerized to give a product A in 
91% yield. 


Q| What is the structure of product A and its mode of formation? 


S| Consult Ref, [188] for further information! 
Problem 153 
P 


Perform the following reactions starting from 4-methoxyaniline (X): 


(a) X, ethyl acetoacetate, CaSOx,, glacial HOAc (cat.), —> A (87%) 


EtOH, reflux 
(b) A, diphenyl ether, 260°C — B (79%) 
(c) B, NBS, HOAc, DCM, 25°C — C (100%) 
(d) C, PCl;, 2,6-lutidine, DMAP (cat.), DMF, reflux — D (82%) 
(e) D, NBS, hv, CCl, reflux — E (50%) 
(f) E, phenol, K,COs, acetone (solvent), reflux — F (81%) 
(g) F, Pd(OAc)2/PPh; (cat.), NEt;, DMF, microwaves, — G (58%) 


sealed tube, 15 min 


Q | What are the structures of the products A-G and their modes of formation? 
Ss 


Consult Ref. [189] for further information! Product G possesses the structure of a 
6H-chromeno[3.4-b]quinoline. 


Problem 154 


LP | Perform the following reactions utilizing the methyl ester of indole-3-carboxylic acid 
(X): 
(a) Levulinic acid (H3;C-CO-CH,—CH,-COOH),  — A (not isolated); 
SOC], r.t. 
then X, DCM (solvent), triethylamine, DMAP, r.t. + B (93%, two steps) 
(b) B, SmI, (2.4 equiv.), tert-butanol (10.0 equiv.), —> C (97%) 
THF (solvent) 


Q] Whatare the structures of the products A-C and their modes of formation? Consider 
the stereochemistry of product C! 


Consult Ref. [190] for further information! 


Problem 155 
P| When the phenylhydrazone of n-decanal (H3C—(CH2)g -CH=N—NH-Ph) is reacted 


with diethyl azodicarboxylate (EtOOC-N=N-COOEt, 2 equiv.) in the presence of 
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triphenylphosphine in toluene at 80°C, a product A is obtained in 79% yield, which 
is transformed to a product B on treatment with TFA in methanol at 50°C. 


Q| What are the structures of the products A/B and their modes of formation? Note 
that A is acylic, but B possesses a cyclic structure! 


‘S| Consult Ref. [191] for further information! 


Problem 156 


[P| In a three-component one-pot reaction of phenacyl bromide (Ph-CO-—CH)-Br), 
aniline, and dimethyl acetylene dicarboxylate (1 equiv. each) in the presence of FeCl, 
(15 mol%) as catalyst and DCM as solvent at 25°C for 15h, a product A is obtained 
in 89% yield. 


Q| What is the structure of the product A and its mode of formation? 
S| Consult Ref. [192] for further information! 


Problem 157 


[P| Ethyl (a-benzoyl)-(4-nitro)cinnamate (=ethyl a-(4-nitrobenzylidene) benzoyl acetate) 
reacts with benzoyl chloride in the presence of tri-n-butylphosphine and triethy- 
lamine in THF as solvent at 25 °C to afford a product A in 93% yield. 


Q| What is the structure of the product A and its mode of formation? 
‘S| Consult Ref. [193] for further information! 


Problem 158 


[P| When phenacyl amine hydrochloride (Ph-CO-—CH,—NH) x HCl) is reacted with 
benzaldehyde in the presence of tBuOOH, NaHCO, and iodine (30mol%) as 
catalyst in DMF at 70°C for 12h, a product A is obtained in 77% yield. 


Q| What is the structure of the product A and its mode of formation? 
‘S| Consult Ref. [194] for further information! 


Problem 159 


[P| When the propargylic alcohol 1-phenylhept-2-yn-1-ol is reacted with the thioamide 
of 4-methoxybenzoic acid in the presence of Ag-triflate (10 mol%) as catalyst in 
refluxing chlorobenzene for 30 min, a product A is obtained in 89% yield. 


Q| What is the structure of the product A and its mode of formation? 
S| Consult Ref. [195] for further information! 


Problem 160 


[P| In a three-component domino process, 1,4-naphthoquinone, ethyl acetoacetate, and 
benzylamine are reacted in the presence of CAN as catalyst in refluxing ethanol as 
solvent to afford a product A in 90% yield. 
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_Q] What is the structure of the product A and its mode of formation? 
S| Consult Ref, [196] for further information! 
Problem 161 
P | In an oxidative coupling process, benzanilide and diphenylacetylene are reacted in 
a 1:1 ratio in acetonitrile at 110°C in the presence of Ag,CO3 and the rhodium 
complex Rh7Cl)(C;Mes)2 (as catalyst) giving rise to a product A in 95% yield. 
.Q] What is the structure of the product A and its mode of formation? 
S| Consult Ref. [197] for further information! Compare with the analogous reaction 
principles reported in Refs. [198] and [199]! 
Problem 162 
Plina study on the influence of ligands on the reaction path of Pd-mediated heterocy- 
clizations, the following reactions were performed with the substrate X: 
| cL 1 
PCy> P(tBu)> 
N NMe, 
rh © es 
X L1 L2 
(a) X, NaO¢Bu, Pd2(dba); (cat.), L1 (cat.), 1,4-dioxane —> A (99%) 
(solv.), 110°C 
(b) X, NaO¢Bu, Pd2(dba)3 (cat.), L2 (cat.), 1,4-dioxane —> B (94%) 
(solv.), 110°C 
(c) X, NaOtBu, Pd2(dba)3 (cat.), P(tBu)3 x HBF, (cat.), — C (87%) 
toluene (solv.), 100°C 
| What are the structures of the products A—C and their modes of formation? 
LS | Consult Ref. [200] for further information! 
Problem 163 
P| When benzophenone-O-acetyloxime and diphenylacetylene are reacted (ina 1:1 
ratio) in methanol at 60°C in the presence of RhjCl4(CsMes) (cat.) and NaOAc 
(30 mol%), a product A is obtained in 98% yield. 
_Q| What is the structure of product A and its mode of formation? 
S| Consult Ref. [201] for further information and compare with the results in Ref. [202]! 
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Problem 164 


[P| When 2-(phenylethinyl)-bromobenzene is reacted with p-toluidine (0.4 equiv.) in 
dioxane at reflux temperature in the presence of NaOtBu and Pd(OAc)2/PCy3 (cat.), 
a product A is formed in approximately quantitative yield. 


Q| What is the structure of product A and its mode of formation? 
‘S| Consult Ref. [203] and compare with the findings at p. 140! 


Problem 165 


[P| In a one-pot heterocyclic synthesis, the following reactions were performed consec- 
utively with isopropyl phenylethinyl carbinol (X) as educt: 


(a) X, ethyl propiolate, tris-n-butyl phosphine (cat.), DCM, 25°C 
(b) AuCl/Ag[SbFg] (1: 1) (cat.), DCM, 25°C 

(c) aniline, DCM, 25°C 

(d) TosOH (cat.), DCM, 40°C 


After usual workup, a product A was isolated in 63% yield. 


Q| What is the structure of the product A? Which intermediates (not isolated) of the 
reactions (a)—(c) can be postulated, and what are their modes of formation? 


‘S| Consult Ref. [204] for further information! 


Problem 166 


P| When 4-bromobenzamide is reacted with ethyl a-bromopyruvate (ratio 1 : 1) in 
the presence of 1 equiv. Ag[SbF.] in DCE under microwave irradiation at 90°C, a 
product A is formed in quantitative yield. 

Q| What is the structure of product A and its mode of formation? 


S| Consult Ref. [205] for further information and compare with the findings in Ref. 
[206]! 


Problem 167 


P| Perform the following reactions starting from (2-pyridyl)hydrazine (X): 


(a) X, benzaldehyde, ethanol, reflux — A (92%) 
(b) A, Ph-I(OCOCF3)9, DCM, 25°C — B (94%) 


Q| What are the structures of the products A/B and their modes of formation? 
‘S| Consult Ref. [207] for further information! 
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Problem 168 
P| When phenylpropiolic acid and benzylacetylene are reacted in DCM as solvent at 
25°C for 12h in the presence of AuCl(PPh3)/AgOTE (cat.), a product A is obtained 
in 95% yield. 
2] What is the structure of product A and its mode of formation? 
LS | Consult Ref. [208] for further information! 
Problem 169 
LP | When pyrrole-2-aldehyde is reacted with phenacyl bromide and diethyl acetylenedi- 
carboxylate (three-component MCR process) in DMF in the presence of K,CO3 at 
50°C, a product A is obtained in 85% yield. 
Q| What is the structure of product A and its mode of formation? 
S| Consult Ref, [209] for further information! 
Problem 170 
iPlina four-component MCR process, ethyl acetoacetate, malodinitrile, 4-bromo- 
benzaldehyde, and hydrazine hydrate are reacted in the presence of y-Al,O3 
(precalcined) as catalyst in water at reflux temperature for 40—45 min. After workup, 
a product A is obtained in 90% yield. 
Q| What is the structure of product A and its mode of formation? 
S| Consult Ref. [210] for further information! 
Problem 171 
LP | When o-(2-pyridylethinyl)aniline is reacted with ethyl acetoacetate in the presence 
of toluene sulfonic acid monohydrate in ethanol at reflux temperature for 15h, a 
product A is isolated in 92% yield. 
Q] What is the structure of product A and its mode of formation? 
LS | Consult Ref. [211] for further information! 
Problem 172 
P Starting from cyclohexene (X), the following reactions are performed: 
(a) X, NBS, acetonitrile, then TosNH), 25 °C( dark) — A (92%) 
(b) A, acetonitrile, reflux — B (95%) 
Q] What are the structures and the stereochemistry of the products A/B? Discuss their 
modes of formation! 
S| Consult Ref, [212] for further information! 
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Problem 173 


[P| Perform the following reactions starting from a-bromocinnamaldehyde (X): 


(a) X, phenylacetylene, Pd(PPh3)4/Cul (cat.), EtsN, THF, 25°C — A (85%) 
(b) A, ECO-CH=CH)p, tBuLi, THF, —78°C > B (90%) 
(c) B, MnO:, molecular sieves, DCM, 25 °C, 18 — C (56%) 
(d) C, AuCl; /Ag[SbF.] (cat.), DCM, 25°C. 6h > D (67%) 


Q| What are the structures of A-D and their modes of formation? 
S| Consult Ref, [213] for further information! 


Problem 174 


[P| Methoxatin (cf. p. 406) is a dehydrogenase cofactor in methylotrophic bacteria (also 
called PQQ PQQ = pyrroloquinoline quinone). The synthesis of its triester J is 
achieved by the following sequence based on 2-methoxy-5-nitroaniline (X): 


(a) X, formic acid, acetic anhydride — A (92%) 
(b) A, Hp, Pd/C —> B (80%) 
(c) B, NaNO2, HCl; then HBF, —>C 
(d) C, ethyl 2-methylacetoacetate, NaOAc, —>D 
EtOH/H20 (solvents) 
(e) D, pH 6.5 to 5.2 — E (70%, three steps) 
(f) E, formic acid, EtOH (solvent) —> F (62%) + isomeric indole 
(separable) 
(g) F, HCl/H,O/acetone — G (85%) 
(h) G, dimethyl 2-oxoglutaconate — H (73%, cis-position of 
(CH;00C-CO-CH=CH-COOCH;), CH,Cl, = COOCH3) 
(solvent) 
(i) H, Cu(OAc)2, HCl (gas), O2, CHCl, (solvent) — I (95%) 
(j) I, Ce(NH4)2(NO3)6, HzO — J (70%) = methoxatin 
triester 


Q| What are the structures of the products A—-J and their modes of formation? 
S| Consult Refs. [214] and [215] for further information! 


Problem 175 


[P| Porantherin (1) is an alkaloid from the Australian plant Poranthera corymbosa and 
possesses an interesting tetracyclic skeleton of the 9b-azaphenalene type [216]. In 
an instructive biomimetic synthesis of 1 developed by corey and Balanson 217, the 
key intermediate (X) was subjected to the following reactions (a) and (b) leading via 
A to B, which was further transformed to the target molecule 1: 
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[\ 
oO, [O 


(a) X, 10% HCl/H,0 


(a), (b) 
—_——_> 


— A (90%) 


(b) isopropenyl acetate, TosOH, benzene (solvent), A — B (45%) 


Suggest structures for A/B and their mechanisms of formation! Develop a short 
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The contents of the foregoing chapters have been distributed among two indices. 


The “General Subject Index” mainly deals with 


heterocyclic compounds presented in this book including natural products and systems 

of pharmaceutical, medicinal and technical relevance; 

* unnamed reactions and reaction types characteristic and specific for heterocyclic 
chemistry; 

* general principles important for the nomenclature of heterocycles. 


This index does not list generally used transformations such as cycloaddition(s), 
cyclocondensation, thermolysis, photolysis, photoisomerization, oxidation, reduction, 
decarboxylation, valence tautomerism, metalation, C-C-coupling reactions, metathesis, 
etc. 

The ‘Index of Named Reactions’ covers the named reactions, reaction types and 
principles for synthesis of the aforementioned heterocyclic systems. The heterocycle 
resulting from a named synthesis is shown in brackets, e.g. Fischer synthesis (indole). 


General Subject Index 


a Allopurinol 480 
Abacavir 480 Alloxan 472 
Acivicine 196 Alloxazine 490 


Acridine 423, 428 

Acridine yellow 429 
Actinomycin 446 
Acriflavinium chloride 428 
Acyclovir 480 
1-Acylimidazole see imidazolide 


Amidopyrine 248 
1-Aminobenzotriazole 267 
6-Aminopenicillanic acid 213 
5-Aminotetrazole 278 
2-Aminothiazole 207 


Adenine 478 3-Amino-1,2,4-triazole 271 
Adenosine 479 Amiodarone 84 

ADP 479 Amitrol 272 

Aesculetine 325 Amizol see Amitrol 
Aflatoxin 325 Anhalonidine 418 
Alizaprid 266 AMP 479 
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Anabasine 378, 433 
Anatoxine 539 
Aneurine see thiamine 
Anhalamine 418 
Anhalonidine 418 
Annular tautomerism 152 
Anomeric effect 317 
ANRORC mechanism 482 
Anthocyanidin 328 
Anthocyanin 328 
Antihistamines 228 
Antipyrine see phenazone 
Apigenin 340 

Arborin 498 
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Aristeromycin 480 
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Atebrin 428 

ATP 479 
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Aza[14Jannulene 550 
Aza[18Jannulene 550 
Azepan-2-one 538 
Azepine 533 

— structure 534 
—reactions 535 

— synthesis 535 
Azaprismane 363 
Azete 50 

Azetidine 51 
(S)-Azetidine carboxylic acid 54 
Azetidinone 52 
Aziridine 32, 36 

— structure 32 
—reactions 33 

— synthesis 34 
2H-Azirine 29 
—reactions 29 

— synthesis 30 
Azlactone see 2-oxazolin-5-one 
Azocine 547 

Azonine 549 
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Bacteriochlorin 551 

Bamipine 434 

Barbital see diethylbarbituric acid 
Barbiturate 473 

Barbituric acid 470 

Base component 9 


Benazoline 211 
Bensulfuromethyl 473 
Benzazepine 538 
Benzazetine 54 

Benzene oxide 25,529 
Benzimidazole 229, 233 
2H-Benzimidazole-2-spirohexane 
1,4-Benzodiazepines 543 
1,5-Benzodiazepines 542 
Benzodiazines 491, 498 
Benzo[b]furan 80, 84 
Benzo[c}furan see isobenzofuran 
Benzofuroxan 253 
Benzofg]pteridine 490 


2H-1-Benzopyran see 2H-chromene 


Benzo[d|pyrazole see indazole 
1-Benzopyrylium ion 327 
1,2,3-Benzothiadiazole 255 
Benzothiazole 208, 211 
Benzo[b|thiophene 101, 103 
Benzofc|thiophene 104 
1,2,3-Benzotriazine 501 
Benzotriazole 265, 266 
3,1-Benzoxazin-2,4-dione 444 
3,1-Benzoxazin-4-one 444 
Benzoxazole 177, 181 
Benzoxepin 531 
Benzydamine 246 
1-Benzylisoquinoline 419 
Betanidine 378 

Betazole 243 

Bifonazole 228 

Biladiene 125 

Bilin 125 

Bilirubin 125 
Bilirubinoids 125 
Biliverdin 125 
Bioisosterism 100, 274 
Bioluminescence 211 
Biotin 235 
3,4-Bis(4-dimethylaminopheny])- 
1,2-dithiete 57 
Bislactimether method 486 
1,2-Bis(methoxycarbony])- 
1,2-diazetine 58 
Bismabenzene 437 
3,4-Bis(trifluoromethyl)- 
1,2-dithiete 57 
Bleomycins 472 

Borazine 1 

Brassilexin 216 
Brassinolide 532 

Brucine 532 

Budipine 434 


Bufadienolides 311 
Bufalin 311 
Buflomedil 161 
Bufotalin 311 
Bufotenin 146 
Bupivacaine 434 


c 

Caffeine 478, 479 
Camptothecin 405 
Cannabinol 345 
Cantharidin 89 

Carazolol 149 
1,1’-Carbonyldiimidazol 228 
Carlina oxide 78 

Capri Blue 446 
e-Caprolactam see azepan-2-one 
Captopril 161 
Carbamazepine 539 
Carbazole 148, 149 
Carbostyryl 387 

Cardiazol see pentetrazole 
Catechin 340 

Cefatrizin 264 

Celecoxib 243 
Cephalosporin 455 
Cepham 455 

Cerivastin 379 
Chalciporon 539 
Chelidonic acid 335 
Chemiluminescence 55 
1-Chlorobenzotriazole 267 
Chlordiazepoxide 544 
Chlorin 551 
(Chloromethyl)oxirane 24 
Chlorophyll 556 
Chloroquine 406 
Chlorpromazin 446 
Chroman 341, 344 
2H-Chromene 318 
4H-Chromene 335 
2H-Chromenone see coumarine 
4H-Chromenone see chromone 
Chromone 336, 340 

— structure 336 

— reactions 337 

— synthesis 338 
Chromylium ion see benzopyrylium ion 
Cibenzolin 581 
Cimetidine 227 
Cinchonidine 405 
Cinchonine 405 
Cinnizarine 487 
Cinnoline 493 


Ciprofloxazin 406 

Click chemistry 262 
Cocaine 433 

Codonopsin 576 
Coelenterazine 485 
Collidine 345 

Coniine 432 
Copper(II)phthalocyanine 557 
Coralyn 423 

Corrin 552 

Coumalic acid 311 
Coumarin 321, 324 

— structure 321 
—reactions 321 

— synthesis 322 
Coumarone see benzo[b]furan 
Cyanidine 328 

Cyanine dyes 393 
Cyanocobalamin 233,557 
Cyanuric chloride see 2,4,6-trichloro- 
1,3,5-triazine 

Cyanuric acid 512 
Cyclazine 153 

Cycloserine 196 

Cytisine 423 

Cytokinin 480 

Cytosin 470 


d 
Dehydroacetic acid 311 
Delphinidin 328 
Deoxynojirimycin 433 
Desipramin 539 
Dewar pyridine 363 
1,3-Diamant-1-ylimidazol- 
2-ylidene 221 
1,5-Diaminotetrazole 279 
Diazepam 544 
1,2-Diazepines 540 
1,4-Diazepines 541 
1,2-Diazetidine 58 
1,2-Diazine see pyridazine 
1,3-Diazine see pyrimidine 
1,4-Diazine see pyrazine 
Diaziridine 40 
3H-Diazirine 40 
1,2-Diazole see pyrazole 
1,3-Diazole see imidazole 
Dibenzazepine 539 
Dibenzo[1,4]dioxin 439 
Dibenzofuran 86 
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Dibenzopyridines 423 
Dibenzothiepin 533 
6,6’-Dibromoindigo 146 
3,4-Di-tert-butyl-1,2-dithiete 57 
1,3-Dichlorobenzo[c|thiophene 104 
Dicumarol 325 

Didrovaltrat 316 
5,5-Diethylbarbituric acid 473 
Difenamizole 243 
Difenzoquat 243 
Difluorooxirane 37 
3,4-Dihydro-2 H-1-benzopyran 
see chroman 
2,3-Dihydro-1,4-diazepines 541 
1,2-Dihydro-1,2-diazete 58 
1,4-Dihydro-1,4-diazocine 549 
2,3-Dihydroisoxazole 198 
4,5-Dihydroisoxazole 193 
5,6-Dihydro-4H-1,3-oxazine 442 
4,5-Dihydrooxazole 181 
3,4-Dihydro-2H-pyran 313, 316 
3,4-Dihydropyrazole 246 
2,5-Dihydrothiophene 105 
Diketene 48 
(4-Dimethylaminophenyl)pentazole 
3,3-Dimethyldiazirine 40 
Dimethyldioxirane 37 
2,6-Dimethylpyran-4-one 334 
Dimetilan 243 

1,3-Dioxane 449, 452 
1,4-Dioxane 440, 441 
1,2-Dioxetane 55 
1,2-Dioxetan-3-one 56 
1,4-Dioxin 438 

Dioxin (TCDD) 439 
Dioxirane 37 

1,4-Dioxocine 549 
1,3-Dioxolane 162 
2,5-Dioxopiperazine 486 
Diphenoxylate 434 
1,3-Diphenylbenzojc|thiophene 104 
Diphenylenoxide see dibenzofuran 
1,3-Diphenylisobenzofuran 85 
Dipyrrolylmethane 114 
Diquat 368 

Directed metalation (pyridine) 353 
1,3-Dithiane 453 

1,2-Dithiete 57 

1,4-Dithiin 438 

1,2-Dithiolane 164 
1,3-Dithiolane 165 
1,2-Dithiole 163 

1,3-Dithiole 165 
1,2-Dithiolylium ion 163 


Dodemorph 449 
DOPA 147 


e 

Ecgonine methyl ester 433 
Efavirenz 444 

Ellipticine 149 

Eosin 340 


Epichlorohydrin see (chloromethyl)oxirane 


Epirizole 248 

Episulfide see thiirane 
Epoxide see oxirane 
Epoxidation, of olefins 22 
Epoxide resins 25 
Eprosartan 228 
Erythropterin 489 
Ethionamide 379 

Ethylene imine see aziridine 
Ethylene oxide see oxiran 
Ethylene sulphide see thiirane 
Etridiazole 258 

Evodienol 320 


z 


Fentanyl 434 

Flavane 340 

Flavanol 340 

Flavazin 248 

Flavin see isalloxazin 
Flavone 337, 340 
Flavone-8-acetic acid 340 
Flavonol 340 

Flavylium ion 327 
Flunarizine 487 
Fluoresceine 340 
5-Fluorouracil 473 

Folic acid 490 

Furan 61,77 

— structure 61 
—reactions 63 

— synthesis 71 
Furan-2-carboxaldehyde see furfural 
Furan-2-carboxylic acid 78 
Furan-2-methanthiol 78 
Furazan see 1,2,5-oxadiazole 
Furazan oxide see furoxane 
Furfural 77 
Furocumarin 325 
Furoxan 253 


g 
Galanthamine 539 


Gentionpicroside 316 
Glycidic ester synthesis 21 


Glycidol 25 

Glyoxaline see imidazole 
Gramine 128 

Guanine 478 

Guthion 503 


h 

Hantzsch-Widman nomenclature 6 
Hellebriginin 311 
Hematin 555 

Hemin 555 

Hemoglobin 555 
Hetarenes 4 
Heterocycloalkanes 2 
Heterocycloalkenes 2 
Heteronins 549 
Hexachlorophene 439 
Hexetidine 472 
Hexobarbital 473 
Histamine 227 
Histidine 227 
Histrionicotoxin 433 
Hydantoin 235 
Hydrogen, indicated 10 
1-Hydroxybenzotriazol 267 
4-Hydroxyproline 161 
8-Hydroxyquinoline 405 
4-Hydroxyquinoline-2-carboxylic 
acid 405 
(Hydroxymethyl)oxiran 25 
5-Hydroxymethylfuran-2- 
carbaldehyde 78 
Hydroxyzine 487 
Hygrine 161 
Hyoscyamine 433 
Hypoxanthine 478 


I 

Imidazole 217, 227 

— structure 217 

— reactions 218 

— synthesis 223 

Imidazolide 228 

Imidazolidin-2,4-dione 
see hydantoin 

Imidazolidin-2-one 234 

Imidazolidin-2,4,5-trione 
see parabanic acid 

Imidazolidine 234 

Indazole 243, 246 

2H-Indazole 244, 246 

Indican 147 

Indigo 133, 145 


Indole 125, 144 
— structure 125 
—reactions 126 
— synthesis 134 
Indole-3-acetic acid 147 
Indolizine 152 
—reactions 153 
— synthesis 153 
Indomethacine 147 
Indophenin reaction 99 
Indoxyl 133, 144 
Inotilone 566 
Inversion 
—ofazetidine 51 
—ofaziridine 32 
—ofoxetane 45 
—ofthietane 49 
Ipriflavone 588 
Iprindole 147 
Irbesartan 280 
Iridodial 316 
Iridoids 316 
Isatin 133,145 
Isalloxazine 490 
Isatoic anhydride 

see 3,1-benzoxazin-2,4-dione 
Isobenzofuran 84 
Isochroman 341 
Isocoumarin 325 
Isocyanuric acid 512 
Isoindole 150 
Isoniazide 379 
Isonicotinic acid 379 
Isoquinoline 406, 418 
— structure 407 
—reactions 407 
— synthesis 412 
Isoquinoline alkaloids (types) 419 
Isopelletierine 432 
Isothiazol 214, 216 
— structure 214 
—reactions 214 
— synthesis 216 
Isotianil 216 
Isovaltrate 316 
Isoxazole 186, 190 
— structure 186 
—reactions 186 
— synthesis 188 
2-Isoxazoline see 4,5-dihydroisoxazole 
4-Isoxazoline see 2,3-dihydroisoxazole 
Isoxazoline methodology 196 
Isoxicam 190 
Ivermectin 318 
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J 

(Z)-Jasmone 78 
Junipal 99 
Juvenil hormone 25 
k 

Kaempferol 340 
Kinetin 480 


Kojic acid 335 


| 

f-Lactam see azetidin-2-one 
B-Lactam antibiotics 54 
B-Lactamase 213 
Lactoflavin 491 
B-Lactone see oxetanone 
Lamotrigin 509 
Lapachenol 320 
Lauth’s Violet 446 
Lawesson reagent 1 
Leflunomide 190 
Lepidine 387 
Leucopterin 489 
Levetiracetam 160 
Levobupivacaine 434 
Levosimendan 462 
a-Lipoic acid 164 
Lobeline 432 
Loganin 316 
Losartan 280 
Luciferin 211 
Lucigenin 429 
Lukianol 570 
Lumazine 489 
Lumiflavine 491 
Luminol 56, 498 
Lupinine 423 
Luteolin 340 
Lutidine 345 


m 
Maltol 335 
Meconic acid 335 


Melamine see 2,4,6-triamino-1,3,5-triazine 


Melanins 147 
Meldola Blue 446 
Meldrum’s acid 452 
Menthofuran 78 


2-Mercaptobenzothiazole 211 


Mesoionic compounds 175 
Metallacycle 374 
Metamitron 508 
Metamizole 248 
Metaphenilen 99 


Methaemoglobin 555 
Methaqualon 498 
Methotrexat 490 
Methoxatin 406, 613 
2-Methoxyazocine 547 
Methylene Blue 447 
Methyloxiran 24 
Methylphenobarbital 473 


Methylreticulol 588 
Metribuzin 508 
Metronidazole 228 
Mitomycin 36 
Mobam_ 103 
Monensin 89 
Morin reaction 456 
Morpholine 447, 448 
Miinchnone 175 
Murrayanine 149 
Muscaflavin 539 
Muscarine 88 
Muscimol 190 
Muscone 100 


n 

NAD/NADH 367 
Nalidixic acid 406 
Name, systematic 5 
N-Atom 

— pyridine-type 3 

— pyrrole-type 3 
Nereistoxin 164 
Neplanocine 480 
Niacin see nicotinamide 
Nicotinamide 378 
Nicotinic acid 378 
Nicotin 378 
Nicotyrin 378 
Nifedipin 379 
Niridazol 208 

NIH shift 531 
5-Nitrofuran-2-carbaldehyde 
Nitron 272 

N-Lost 33 
Nojirimycin 433 
Nomifensin 419 
Nonactin 89 
Norlaudanosoline 419 
Nornicotin 378 
NothapodytinB 79 
Nucleic acid 479 
Nucleoside 479 
Nucleoside antibiotics 480 
Nucleotide 479 


1-Methylpyrrolidin-2-one 160 


77 


oO 

Ommochromes 446 
Oroticacid 471 
Osotriazole 264 
1,2,3-Oxadiazole 250 
1,2,4-Oxadiazole 250 
1,2,5-Oxadiazole 251,253 
1,3,4-Oxadiazole 251 
1,4-Oxathiin 438 
Oxazines 442 
1,3-Oxaziniumion 444 
1,3-Oxazinon 443 
Oxaziridine 38 
Oxazole 166,175 

— structure 166 

— reactions 167 

— synthesis 171 
2-Oxazoline see 4,5-dihydrooxazole 
2-Oxazolin-5-one 184 
Oxepan-2-one 532 
Oxepin 529 
Oxetane 45 

— structure 45 

— reactions 45 

— synthesis 46 
Oxetan-2-one 47 
Oxindole 145 
Oxirane 17,24 

— structure 17 

— reactions 18 

— synthesis 21 
Oxirene 17 
Oxonine 549 


p 
Papaverine 414 


Parabanic acid 236 
Paraquat 368 

Parent compound 6 
Pelargonidin 328 

Penam 212 

Penicillins 213 
Pentamethylenetetrazole 279 
Pentazole 280 


a-Peroxylactone see 1,2-dioxetan-3-one 


Phaeophorbide 556 
Phaeophytin 556 
Phenanthridine 423, 428 
Phenazine 499 
Phenazone 248 
Pheniramine 379 
Phenobarbital 473 
Phenothiazine 445 
Phenoxathiin 439 


Phenoxazine 445 
Phenylbutazone 249 
Phlorin 551 
Phosphabenzene 434 
— structure 434 
—reactions 435 
— synthesis 437 
Phosphinane 434 
Phosphinine 434 
Phosphole 161 
Phthalocyanine 557 
Phthalazine 494 
Physostigmine 539 
Picoline 345 
Pimprinin 176 
Pinacyanol 393 
Pipecolic acid 432 
Piperazine 486 
Piperidine 429, 431 
Piperidine alkaloids 433 
Piperine 432 
Piperic acid 432 
Piracetam 160 
Planomycin 508 
Polyether antibiotics 89 
Poly-N-vinylcarbazole 150 
Poly-N-vinylpyrrolidone 160 
Porantherin 613 
Porphobilinogen 553 
Porphycin 558 
Porphyrin 551,555 
Porphyrinogen 551 
Porphyrinoids 558 
Praziquantel 419 
Prazosin 498 
Precocene I/II 320 
Primethamin 472 
Principle 
— of decreasing priority 6 
— of lowest possible 
numbering 7 
— of latest possible 
classification 16 
Proline 160 
Promethazine 446 
(S)-Propranolol 19 
Propylene oxide 24 
Proquazone 498 
Protoporphyrin 555 
Psilocin 146 
Psoralene 325 
Pteridine 487,489 
Pterin 489 
Pumiliotoxin B 433 
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Purine 474, 477 
— structure 474 
—reactions 474 
— synthesis 476 
Puromycin 480 
Purple, ancient 145 
2H-Pyran 305 
4H-Pyran 329 
Pyran-2-one 306, 311 
— structure 306 
—reactions 307 
— synthesis 309 
Pyran-4-one 331, 334 
— structure 331 
—reactions 332 
— synthesis 333 
Pyrazine 481, 485 
— structure 481 
—reactions 481 
— synthesis 483 
Pyrazole 237, 242 
— structure 237 
— reactions 238 
— synthesis 240 
Pyrazolidine 249 
2-Pyrazoline 

see 4,5-dihydropyrazole 
Pyrazolone 247 
Pyrazon 462 
Pyridaben 462 
Pyridazine 458, 462 
— structure 458 
— reactions 459 
— synthesis 460 
Pyridazinomycin 462 
Pyridine 345, 377 
— structure 345 
—reactions 347 
— synthesis 386 
Pyridine-N-oxide 360 
Pyridinium betaines 360 
Pyridinium chlorochromate 347 
Pyridinium dichromate 347 
Pyridinium ion 345 
Pyridinium perbromide 347 
Pyridones 381 
— structure 381 
—reactions 381 
— synthesis 384 
Pyridoxal 378 
Pyridoxal phosphate 378 
Pyridoxamine 378 
Pyridoxine 378 
Pyridoxol see pyridoxine 


Pyrimethamine 472 
Pyrimidine 463, 470 
— structure 463 
—reactions 463 

— synthesis 466 
PyronineG 340 
Pyrrole 108, 124 

— structure 108 

— reactions 109 

— synthesis 117 
Pyrrolidine 158 
Pyrrolidin-2-one 160 
Pyrrolnitrin 124 
Pyrylium ion 297 

— structure 297 
—reactions 298 

— synthesis 301 
Pyrylium perchlorate 303 


q 
Quercetin 340 


Quinaldine 387 
Quinazoline 494 
Quinethazone 498 
Quinidine 405 
Quinine 405 
Quinmerac 406 
Quinoline 386, 405 

— structure 387 
—reactions 388 

— synthesis 395 
Quinoline alkaloids 405 
Quinolizidine 420 
Quinolizine 420 
2-Quinolone see carbostyryl 
Quinolizinium ion 420 
— structure 420 
—reactions 420 

— synthesis 421 
Quinoxaline 497 
Quinuclidine 405 


r 

RAMP 160 

Reboxetin 448 

Ring analysis 15 

Ring-chain tautomerism 
(tetrazole) 275 

Ring formula index 16 

Ring inversion see inversion 

Ring name index 16 

Rose furan 78 

Rotenone 341 


Ss 

Saccharin 216 
SafraninT 500 
SAMP 160 
Scillarigenin 311 
Sclerotigenin 599 
Secologanin 316 
1,2,3-Selenadiazole 256 
Selenophene 107 
Senoxepin 532 
Serotonin 146 
Sildenafil 480 
Silthiofam 567 
Simazine 412 
Sirius Blue 150 
Solanidane type 433 
Sparteine 423 
Spirosolane type 433 
Squalene epoxide 25 
Stibabenzene 437 
Strychnine 532 
Sulbactam 212 
Sulfadiazine 472 
Sulfamethoxazole 190 
Sulfapyridine 379 
Sulfolane 107 
3-Sulfolene 105 
Swainsonine 157 
Sydnones 250 
Systems 
—condensed 8 

— heteroaromatic 4 


t 

Tartrazine 248 
Tautomerism, annular, of 
— benzimidazole 229 
— benzotriazole 265 
—imidazole 217 
—indazole 244 
—isoindole 152 
—pyrazole 238 
—pyrazolone 247 
—tetrazole 274 

— 1,2,3-triazole 159 

— 1,2,4-triazole 168 
Taxol 48 
Tebufenpyrad 582 
Tellurophene 108 
Telmisartan 233 
Temozolomide 516 
Tetraazaporphyrin 557 
2,3,7,8-Tetrachlorodibenzodioxin 439 
2,3,7,8-Tetrachlorodibenzofuran 86 


Tetrahydrocannabinol 345 
Tetrahydrofuran 87, 88 
Tetrahydropyran 317 
Tetrahydrothiophene see thiolane 
Tetramethyl-1,2-dioxetane 56 
Tetrapyrroles 551 
Tetrathiafulvalene 165 
1,2,4,5-Tetrazine 512,515 
Tetrazole 273,278 

— structure 273 
—reactions 274 

— synthesis 277 
Tetrodotoxin 498 
Theobromine 478 
Theophylline 478 
Thiabendazole 233 
1,2,3-Thiadiazole 254, 256 
1,2,4-Thiadiazole 256, 258 
Thiamine 207,471 
Thiamine pyrophosphate 207 
Thianthrene 438 
Thiazine 445 

Thiazole 200, 207 

— structure 200 
—reactions 200 

— synthesis 204 

Thiepin 532 

Thietane 49 

Thiirane 26, 28 

Thioctic acid see a-lipoic acid 
Thiocyclam 164 
Thioindigo 103 
Thiolane 106 

3-Thiolene 

see 2,5-dihydrothiophene 
Thionaphthene 

see benzo[b]thiophene 
Thiopental 473 
Thiophene 90, 99 

— structure 90 
—reactions 91 

— synthesis 96 
Thromboxane 318 
Thunberginol 325 
Thymine 470 
Tiaprofenic acid 99 
Tinuvin P 267 
a-Tocopherol 344 
Triadimenol 272 
2,4,6-Triamino-1,3,5-triazine 412 
Triamterene 490 
1,2,3-Triazine 501, 503 
1,2,4-Triazine 504,507 
1,3,5-Triazine 508,510 
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1,2,3-Triazole 258, 264 
1,2,4-Triazole 268, 271 


1,2,4-Triazolo[1,5-a]pyrimidine 473 


Tri-tert-butylazete 50 
2,4,6-Trichloro-1,3,5-triazine 510 
Trimethoprim 472 
Trimethylene imine 

see azetidine 

Trivial name 5 
Tropane 433 
Tryptophan 146 
Tsitsikammafuran 564 
Tubercidine 480 
Tyrindol sulfate 147 


u 
Umpolung 454 
Uracil 470 


Uric acid 479 


v 

Valepotriate 316 
Valsartan 280 
Valtrat 316 


Verdan 480 
Verdazyl 515 
Veronal 


see 5,5-Diethylbarbituric acid 
Verteporfin 558 
Viloxazine 448 
Vitamin B, see thiamine 
Vitamin By, see lactoflavin 
Vitamin Bg see pyridoxine 
Vitamin By2 see cyanocobalamin 
Vitamin E see a-tocopherol 
Vitamin H see biotin 


Ww 
Warfarin 325 
Willadiin 472 


x 

Xanthene 340 
Xanthine 478 
Xanthommatin 446 
Xanthone 340 
Xanthopterin 489 
Xanthylium ion 327 


4 

Zaleplon 243 
Zomepirac 125 
Zeatin 480 
Zidovudine (AZT) 473 


Index of Named Reactions 


a 
Achmatowicz reaction 70 


b 

Baker-Venkataraman rearrangement 338 
Balaban synthesis (pyrylium ion) 302 
Bamberger-Hughes-Ingold rearrangement 350 
Barton-Zard synthesis (pyrrole) 120 
Batcho-Leimgruber synthesis (indole) 136 
Baylis-Hillman reaction 452 

Beirut reaction 254,500 

Bernthsen synthesis 

— (acridine) 427 

— (phenothiazine) 445 

Biginelli synthesis (pyrimidine) 469 
Bischler synthesis 

— (indole) 138 

—(quinazoline) 494 

Bischler-Napieralski synthesis (isoquinoline) 413 
Bliimlein-Lewy synthesis (oxazole) 172 
Boekelheide reaction 362 

Bénnemann synthesis (pyridine) 373 
Bohlmann-Rahtz synthesis (pyridine) 369 
Borsche synthesis (cinnoline) 494 

von Braun degradation 432 

Brederek synthesis 

— (imidazole) 224 

— (pyrimidine) 470 


c 

Cacchi synthesis (indole) 140 
Chichibabin reaction 352 

Chichibabin synthesis (indolizine) 153 
Claisen synthesis (isoxazole) 188 
Combes synthesis (quinoline) 399 
Cook-Heilbron synthesis (thiazole) 206 
Corey synthesis (oxirane) 22 

Cornforth rearrangement 171 
imino-Corey reaction 36 


d 

Dakin-West reaction 172 

Darzens reaction 21 

Dilthey synthesis (pyrylium ion) 302 
Dimroth rearrangement 261 
Doebner-Miller synthesis (isoquinoline) 400 


e 

Einhorn-Brunner synthesis (1,2,4-triazole) 270 
Erlenmeyer synthesis (azlactone) 184 
Eschenmoser sulfide contraction 28 


f 


Feist-Benary synthesis (furan) 72 
Fiesselmann synthesis 

— (thiophene) 97 

—(selenophene) 107 

Fischer synthesis (indole) 142 
Friedlander synthesis (quinoline) 397 
Fiirstner synthesis (indole) 133 


& 
Gabriel-Isay synthesis (pteridine) 488 


Gabriel synthesis (thiazole) 207 
Gassmann synthesis (indole) 135 
Gattermann synthesis, HCN-free 509 
Gewald synthesis (thiophene) 97 
Graebe-Ullmann reaction 266 
Guareschi synthesis (2-pyridone) 384 


h 

Hafner synthesis, of azulenes 304,379 
Hantzsch synthesis 

— (pyridine) 371 

— (pyrrole) 118 

— (thiazole) 204 

Heumann-Pfleger synthesis (indigo) 145 
Hinsberg synthesis (thiophene) 98 
Hoffmann-Léffler reaction 158 
Huisgen synthesis 

— (4-isoxazoline) 198 

— (pyrrole) 175 

Hurd-Mori synthesis (1,2,3-thiadiazole) 255 


j 

Jacobsen epoxidation 23 
Jacobsen synthesis (indazole) 245 
Japp-Klingemann reaction 143 


k 

Katritzky methodology 268 

Kenner synthesis (pyrrole) 119 

King-Ortoleva reaction 380 

Knoevenagel synthesis (coumarin) 323 

Knorr synthesis 

—(pyrazolone) 249 

— (pyrrole) 118 

— (2-quinolone) 399 

Konrad-Limpach synthesis 
(4-quinolone) 399 

Kréhnke reaction 380 


! 

Ladenburg reaction, of pyridine 367 
Larock synthesis (isoquinoline) 416 
Lautens synthesis (indole) 141 


Indices 


van Leusen synthesis 
— (oxazole) 173 
— (pyrrole) 120 


m 

Madelung synthesis (indole) 137 
Marckwald cleavage, of furans 79 
Marckwald synthesis (imidazole) 224 
Meth-Cohn synthesis (quinoline) 402 
Meyer’s oxazoline method 183 
Morin reaction 456 

Mukaiyama reaction 380 
Mukaiyama reagents 53, 380 


n 

Neber rearrangement 31 

Nenitzescu synthesis (indole) 144 
Niementowski synthesis (quinazoline) 495 


p 
Paal synthesis (thiophene) 96 


Paal-Knorr synthesis 
— (furan) 71 
— (pyrrole) 117 
Parham cycloalkylation 343 
Paterno-Biichi reaction 46 
von Pechmann synthesis (coumarin) 322 
Pellizari synthesis (1,2,4-triazole) 270 
Perkin rearrangement 82 
Pfitzinger synthesis (quinoline) 398 
Pictet-Gams synthesis (isoquinoline) 414 
Pictet-Spengler synthesis (isoquinoline) 415 
Piloty-Robinson synthesis (pyrrole) 119 
Pinner synthesis (pyrimidine) 467 
Plancher rearrangement 128 
Polonovski reaction 545 
Pomeranz-Fritsch synthesis 

(isoquinoline) 415 
Prileschajew reaction 23 
Prins reaction 452 
Pummerer rearrangement 26, 457 


q 


Quilico synthesis (isooxazole) 189 


r 

Regitz reaction 263 

Reissert reaction 409 

Reissert synthesis (indole) 135 
Remfry-Hull synthesis (pyrimidine) 468 
von Richter synthesis (cinnoline) 493 
Ritter reaction 442 

Robinson-Gabriel synthesis (oxazole) 171 
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Indices 


s 

Sandmeyer synthesis (isatin) 145 

Schmidt-Druey synthesis (pyridazine) 461 

Schéllkopf synthesis (oxazole) 173 

Sharpless-Katsuki epoxidation 24 

Shaw synthesis (pyrimidine) 468 

Skraup-Doebner-Miller synthesis 
(quinoline) 400 

Smiles rearrangement 446 

Sommelet-Hauser rearrangement 136 

Staudinger reaction 53 

Steglich reagent (DMAP) 348 

Stork isoxazole annelation 191 


t 

Thorpe-Ziegler cyclization 431 
Timmis synthesis (pteridine) 489 
Traube synthesis (purine) 476 


u 
Ullmann synthesis (acridine) 426 


Vv 
Vilsmeier-Haack reaction 97 


w 

Westphal synthesis (quinolizinium ion) 421 
Wesseley-Moser rearrangement 338 
Widmann-Stoermer synthesis (cinnoline) 494 
Willgerodt-Kindler reaction 98 

Wittig reaction 329, 335 


Zz 
Ziegler reaction 353 
Zincke reaction 356 


